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FOREWORD

This dissertation is divided into two parts.

The

first part describes work concerning the allylbenzene
ozonide
(18:2ME)

(ABO)-initiated autoxidation of methyl linoleate
and the second part presents work dealing with the

mechanism of ABO decomposition.
of Contents,

As described in the Table

lists of figures, tables, materials,

and

experimental procedures for the two parts are presented
separately.

Instrumentation and reference sections for

both parts are combined.

Part I begins on page 1 and Part

II begins on page 78.

iii

TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS............................................... ii
F O R E W O R D ..................................................... .iii
TABLE OF CON T E N T S ............................................. iv
LIST OF TABLES - PART I ...................................... xi
LIST OF TABLES - PART I I .................................... xii
LIST OF

FIGURES - PART I .................................... xiv

LIST OF

FIGURES - PART I I ................................... xvi

LIST OF

ABBREVIATIONS - PART

I ........................... xviii

LIST OF

ABBREVIATIONS - PART

I I ............................ xix

A B S T R A C T .................................................
INSTRUMENTATION:

xx

PARTS I AND I I .......................... xxii

LIST OF

MATERIALS - PART

I ................................ xxiv

LIST OF

MATERIALS - PART I I ............................... xviii

INTRODUCTION - PART 1 ......................................... 1
1.1

OZONE AS A T O X I N ......................................... 1

1. 2

OZONE-OLEFIN R E A C T I O N S .................................. 2

1. 3

BIOLOGICAL M E M B R A N E S .........

1. 4

A U T O X IDATION. . ........................................... 9

1.5

4

1.4.1

Sources of Free R a d i c a l s ....................... 10

1.4.2

Protection against Free R a d i c a l s .............. 12

1.4.3

Measurement of Lipid Peroxidation ............. 14

OZONE AND LIPID PEROXIDATION.......................... 16
1.5.1

In vitro S t u d i e s ................................ 16
1.5.1.1

Chemical studies..................... 16
iv

Page
1.5.1.2
1.5.2

In vivo S t u d i e s................................. 20

1.5.3

Ozonides as Toxic Intermediates............... 23
1.5.3.1

1.6

Biological stud i e s....................18

Ozonides as free radical initiators.25

PURPOSE OF P R O J E C T.........................

26

EXPERIMENTAL PROCEDURES: PART I .............................28
2.1

GENERAL OZONOLYSIS PROCEDURE.......................... 28

2.2

PREPARATION OF CRUDE ALLYLBENZENE/OZONE
REACTION M I X T U R E .
..........

28

2.3

TREATMENT OF THE CRUDE ALLYLBENZENE/OZONE
REACTION MIXTURE WITH SILICA G E L ...................... 29

2.4

PREPARATION OF CRUDE 18:2ME/OZONE AND CRUDE
18 :2ME/OZONE REACTION M I X T U R E S ........................ 29

2.5

THE REACTION OF OZONE AND ALLYLBENZENE AT
-78°C: QUANTITATION OF ABO Y I E L D ...................... 29

2 .6

AUTOXIDATION PROCEDURES . ............................. 3 0

2.7

2.6.1

Oxygen-uptake M e asurements.................... 30

2.6.2

Conjugated Diene

(C.D.) M e a s u r e m e n t s......... 30

KINETICS OF THE THERMAL DECOMPOSITION OF A B O ........ 31
2.7.1

HPLC M e t h o d ...................................... 31

2.7.2

XH NMR M e t h o d ................................. ..33

RESULTS:

PART I ............................................... 34

3.1

INTIATION OF AUTOXIDATION OF 18:2ME BY CRUDE
ALLYLBENZENE/OZONE REACTION M I X T U R E S ................. 34

3.2

TREATMENT OF CRUDE ALLYLBENZENE/OZONE REACTION
MIXTURE WITH SILICA G E L ................................ 34

3.3

THE REACTION OF OZONE AND ALLYLBENZENE AT -78°C:
QUANTITATION OF ABO Y I E L D .............................. 37
V

Page
3.4

KINETICS OF THE THERMAL DECOMPOSITION OF A B O ........ 39

3.5

KINETICS OF THE ABO-INITIATED AUTOXIDATION
OF 18 :2 M E ..........................

3.6

3.7

INITIATION OF AUTOXIDATION OF 18:2ME BY A
STANDARD AZO-INITIATOR: 2,2'- A Z O B I S (2,4DIMETHYL-VALERONITRILE) (DMVN)........................ 47
3.6.1

Closed-vial A p p a r a t u s .......................... 47

3.6.2

Miniature Bubbler A p p a r a t u s ....................55

INITIATION OF AUTOXIDATION OF 18:2ME BY
OZONIDES OF 18 :2ME OR 18:1ME.......................... 55
3.7.1

18: 1ME O z o n i d e .................................. 55

3.7.2

18:2ME O z o n i d e .................................. 59

DISCUSSION:
4 .1

39

PART 1 ........................................... 61

AUTOXIDATION

.........................................61

4.1.1

General Kinetic T reatment ...................... 61

4.1.2

Our A p p r o a c h .....................................63

4.2

INITIATION OF AUTOXIDATION OF 18:2ME BY CRUDE
ALLYLBENZENE/OZONE REACTION M I X T U R E S ................. 63

4.3

THE REACTION OF OZONE AND ALLYLBENZENE AT -78°C:
QUANTITATION OF ABO Y I E L D .............................. 65

4.4

KINETICS OF THE THERMAL DECOMPOSITION OF A B O ........ 67

4.5

THE ABO-INITIATED AUTOXIDATION OF 1 8 : 2 M E............

68

4.5.1

The Observation.................................

4.5.2

Kinetics of the ABO-initiated
Autoxidation of 18: 2 M E ......................... 69

68

4.5.2.1

Conjugated diene experiments........ 69

4.5.2.2

Oxygen-uptake e xperiments............69

Page
4.6

INITIATION OF AUTOXIDATION OF 18:2ME BY A
STANDARD AZO-INITIATOR: 2,2'- A Z O B I S (2,4DIMETHYLVALERONITRILE) (DMVN)......................... 71

4.7

PRELIMINARY AUTOXIDATION STUDIES WITH 18:1ME
AND 18 :2ME O Z O N I D E S......

4.8

4.9

72

4.7.1

Initiation of A u toxidation..................... 72

4.7.2

Comparison of 18:1ME and 18:2ME Ozonides
to A B O ........................................... 73

OZONIDES AS A CONTRIBUTOR TO INITIATING
ACTIVITY IN OZONE-INDUCED AUTOXIDATION
OF 18 :2 M E ................................................ 75
S U M M A R Y .......

77

INTRODUCTION - PART I I ....................................... 78
5.1

EARLY STUDIES OF OZONIDE DECOMPOSITION...............78

5.2

ELECTRON SPIN RESONANCE

5.3

(ESR)......................... 8 6

5.2.1

G e n e r a l .......................................... 8 6

5.2.2

Sp in-tr app i n g ................................... 89

CHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION (CIDNP)................................... 91

EXPERIMENTAL PROCEDURES - PART I I .......................... 94
6.1

PRODUCT S T UDI E S .........................................94
6.1.1

Product Quantitation........................... 94
6

.1.1.1

Decomposition of ABO at 98 ± 1°C....94

6.1.1.1a Headspace analysis for CO and C 0 2 . . . 9 4

6.1.2

6

.1.1.2

Decomposition of ABO at 37 +1°C...,95

6

.1.1.3

Decomposition of ABO at 98 + 1°C
in the presence of 1-butanethiol....95

Product Identification.........................95
vii

Page
6.2

KINETICS OF THE THERMAL DECOMPOSITION OF O T O .......... 96

6.3

ESR S T U D I E S ............................................. 96

6

.4

6.3.1

Decomposition of ABO or OTO in the
Presence of DMPO or P B N ........................ 96

6.3.2

Decomposition of ABO in the Presence
of T M P O .......................................... 97

6.3.3

Spin-trapping Authentic Benzyl Radicals
with DMPO, PBN, and T M P O ....................... 97

6.3.4

Decomposition of 18:1ME Ozonide in the
Presence of DMPO or T M P O ....................... 98

CIDNP EXPERI M E N T ........................................98

RESULTS - PART I I ........................................... 100
7 .1

PRODUCT STUDIES . ..................................... 100

7.2

KINETICS OF THE THERMAL DECOMPOSITION OF O T O ......... 100

7.3

ESR STUDY OF THE THERMAL DECOMPOSITION OF A B O ....... 103

7.4

7.3.1

Thermal Decomposition of ABO in the
Presence of 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO)................................. 103

7.3.2

Thermal Decomposition of ABO in the
Presence of a-Phenyl-N-tert-butyl
nitrone (PBN).................................. 112

7.3.3

Thermal Decomposition of ABO in the
Presence of 3,3,5,5-Tetramethyl-lpyrroline N-oxide (TMPO)...................... 118

7.3.4

Spin-trapping Authentic Benzyl Radicals
with DMPO, PBN, or T M P O ....................... 121

ESR STUDY OF THE THERMAL DECOMPOSITION OF O T O ....... 126
7.4.1

Thermal Decomposition of OTO in the
Presence of D M P O ............................... 126

7.4.2

Thermal Decomposition of OTO in the
Presence of P B N ................................ 130
viii

Page
7.5

ESR STUDY OF THE THERMAL DECOMPOSITION OF
18: 1ME O Z O N I D E .....................
7.5.1
7.5.2

7.6

Thermal Decomposition of 18:1ME Ozonide
in the Presence of D M P O ..........

133
133

Thermal Decomposition of 18:1ME Ozonide
in the Presence of T M P O ....................... 13 3

OBSERVATION OF CHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION (CIDNP) DURING THE THERMAL
DECOMPOSITION OF A B O .................................. 133

DISCUSSION - PART I I ........................................ 139
8.1

8.2

MECHANISM OF ABO DECOMPOSITION...................... 139
8.1.1

Decomposition of ABO in the Presence
of 1-Butanethiol............................... 142

8.1.2

Comparison of Our Mechanism to the
Story/Hull M e c h a n i s m ...........................144

ESR SPIN-TRAPPING STUDY OF THE THERMAL
DECOMPOSITION OF O Z O N I D E S ............................. 149
8.2.1

ABO Spin-trapping S t u d y ........................ 150
8

.2.1.1

Thermal decomposition of ABO
in the presence of D M P O ..............150

8

.2.1.2

Thermal decomposition of ABO
in the presence of P B N ...............152

8.2.1.3

Thermal decomposition of ABO
in the presence of T M P O ............. 152

.2.1.4

A summary of the ABO spintrapping s t u d y ....................... 154

8

8.2.2

OTO Spin-trapping S t u d y ........................ 159
8

.2.2.1

Thermal decomposition of OTO
in the presence of D M P O ............. 159

8

.2.2.2

Thermal decomposition of OTO
in the presence of P B N ...............159
ix

Page
8

8.2.3

8.3

8.4

.2.2.3

A summary of the OTO spintrapping s t u d y ....................... 160

18:1ME Ozonide Spin-trapping S t u d y ...........160
8

.2.3.1

Thermal decomposition of 18:1ME
ozonide in the presence of DMPO....160

8

.2.3.2

Thermal decomposition of 18:1ME
ozonide in the presence of TMPO....161

8

.2.3.3

A summary of the 18:1ME ozonide
sp in-trapp ing s t u d y ................. 161

OBSERVATION OF CHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION (CIDNP) DURING THE THERMAL
DECOMPOSITION OF A B O .................................. 162
8.3.1

Toluene-associated C I D N P ...................... 162

8.3.2

CIDNP Associated with Benzyloxymethyl
Formate?........................................ 163

8.3.3

CIDNP Effects at 8.73 and 9.69 p p m ...........165

8.3.4

CIDNP S u m m a r y .................................. 166

MECHANISM OF ABO DECOMPOSITION: A S U M M A R Y...........166

REFERENCES - PART I and I I ................................. 168
V I T A .......................................................... 181

X

LIST OF TABLES - PART I
Page
Table I.

The rates of reaction of ozone with
selected mono- and di-substituted alkenes
in CCI 4 ........................................... 5

Table II.

Some common fatty acids found in
biological m e m b r a n e s.............................8

Table III.

Quantitation of ABO from the reaction of
ozone and allylbenzene at - 7 8 ° C ............... 38

Table IV.

Rate constants for the thermal
decomposition of ABO in CCI 4 under N 2 in
the presence of radical scavengers............42

Table V.

Kinetic data for the ABO-initiated
autoxidation of 18:2ME at 3 7 ° C ................ 46

Table VI.

Kinetic data from the ABO-initiated
autoxidation of 18:2ME at 37°C under
760 torr of O 2 .................................. 52

Table VII.

Kinetic data from the DMVN-initiated
autoxidation of 18:2ME at 37° C................ 56

Table VIII. The effect of silica gel on the crude
allylbenzene/ozone reaction m i x t u r e ........... 6 6
Table IX.

A comparison of 18:1ME and 18:2ME ozonides
to ABO as initiators of autoxidation of
18 :2ME at 3 7 ° C .................................. 74

LIST OF TABLES - PART II
Page
Table I.

Products and yields obtained from the
thermal and photochemical decomposition
of diisopropylethylene ozonide in
he p t a n e .......................................... 81

Table II.

Products and yields obtained from the
thermal and photochemical decomposition
of cyclopentene ozon i d e......................... 83

Table III.

Arrhenius activation parameters for the
decomposition of some ozonides in the
gas p h a s e ........................................ 85

Table IV.

Mole percentage of products from the
thermal decomposition of ABO in the
absence of o x y g e n...............

101

Table V.

Mole percentage of products from the
thermal decomposition of ABO in the
absence and presence of 1 -butanethiol
at 9 8 ° C ......................................... 102

Table VI.

Rate constants for the thermal
decomposition of OTO in CCI 4 under N 2
in the presence of 1-butanethiol............. 105

Table VII.

ESR hyperfine parameters for selected
oxygen-centered DMPO spin adducts in
b e n z e n e ......................................... 108

Table VIII. ESR hyperfine parameters for selected
carbon-centered DMPO spin adducts in
b e n z e n e ..........................

109

Table IX.

ESR hyperfine
adducts A, B,
obtained from
presence of

parameters for DMPO spin
C, D, and E (Figure 4)
warming ABO to 37°C in the
0.1 M D M P O ........................ 114

Table X.

ESR hyperfine parameters for selected
oxygen-centered PBN spin adducts in
b e n z e n e ......................................... 116

Table XI.

ESR hyperfine parameters for selected
carbon-centered PBN spin adducts in
b e n z e n e ......................................... 117

xii

Page
Table XII.

ESR hyperfine parameters for TMPO spin
adducts I, J, and K (Figure 10) obtained
from warming 7 x 1 0 “^ m ABO to 37°c in
the presence of 0.1 M TMPO in b e n z e n e ....... 122

Table XIII. ESR hyperfine parameters for oxygenand carbon-centered TMPO spin adducts in
b e n z e n e ...................................... . .123
Table XIV.

ESR hyperfine parameters for DMPO spin
adducts L, M, N, and O (Figure 14)
obtained from warming OTO to 37°C in the
presence of 0.1 M D M P O ........................ 129

Table XV.

ESR hyperfine parameters for DMPO spin
adducts S, T, U, and V (Figure 17)
obtained from warming 0.03 M 18:1ME
ozonide to 37°C in the presence of
0.1 M D M P O ...................................... 135

Table XVI.

Group additivity calculations for
phenylacetaldehyde, phenylacetic acid,
formic acid, and formaldehyde................ 148

xiii

LIST OF FIGURES - PART I
Page
Figure 1.

The Criegee mechanism for the ozonation
of simple alke n e s................................ 3

Figure 2.

Phosphatidyl choline: a typical
phospholipid found in b i omembranes............ 7

Figure 3.

The abstraction of a doubly allylic
hydrogen atom from linoleic a c i d . . ........... 1 1

Figure 4.

The bubbler apparatus used to study the
DMVN-initiated autoxidation of 1 8 : 2 M E ........ 32

Figure 5.

The crude allylbenzene/ozone reaction
mixture-initiated autoxidation of 18:2ME
at 37°C: appearance of conjugated diene
(C.D.) with t i m e ................................ 35

Figure

The effect of silica gel-treated crude
allylbenzene/ozone reaction mixture on
18:2ME at 37°C: appearance of conjugated
diene (C.D.) with t i m e ........................ 36

6

.

Figure 7.

The thermal decomposition of ABO in CCI 4
(6.82 mM) at 50°C in the absence of
1 -butanethiol: log(ozonide peak area) vs.
t i m e .............................................. 40

Figure

.

The thermal decomposition of ABO in CCI 4
(6.87 mM) at 50°C in the presence of
1-butanethiol (8 . 6 m M ) : log(ozonide peak
area) vs. t i m e .................................. 41

Figure 9.

An Arrhenius plot for the thermal
decomposition of 7 mM ABO in the presence
of 9 mM 1-butanethiol...........................43

Figure 10.

A plot of log(ABO NMR signal intensity) vs.
time for the thermal decomposition of
0.4 M AB O at 37°C with 0.2 M B H T ............... 44

Figure 11.

Plots of conjugated diene (C.D.)
concentration vs. time for the ABO-initiated
autoxidation of 18:2ME at 3 7 ° C ................ 45

Figure 12.

The ABO-initiated autoxidation of 18:2ME
at 37°C: concentration of conjugated diene
(C.D.) vs. t i m e ................................ .48

8

xiv

Page
Figure 13.

A plot of conjugated diene
concentration vs. time for
ABO-initiated autoxidation
at 37°C showing inhibition

(C.D.)
the
of 18:2ME
with B H T ...........49

Figure 14.

A plot of d[C.D.]/dt vs. [18:2 M E ] [ A B O ] V 2
for the ABO-initiated autoxidation of
18: 2ME at 3 7 ° C ...........

50

Figure 15.

A plot of oxygen-uptake (-[O 2 ]) vs. time
for the autoxidation of 18:2ME initiated
with 280 mM ABO (curve 1).
Curve 2 shows
inhibition with a - T ............................. 51

Figure 16.

A plot of -d[C>2 ]/dt vs. [18:2 M E ] [ A B O ] V 2
for the ABO-initiated autoxidation of
18 :2ME at 3 7 ° C .................................. 53

Figure 17.

The DMVN-initiated autoxidation of 18:2ME
at 37°C in the closed vial apparatus; a
plot of conjugated diene (C.D.)
concentration vs. t i m e .........................

54

Figure 18.

The DMVN-initiated autoxidation of 18:2ME
at 37°C in the bubbler apparatus; a plot of
conjugated diene (C.D.) concentration vs.
t i m e .............................................. 57

Figure 19.

The 18:1ME ozonide-initiated autoxidation
of 18:2ME at 37°C: concentration of
conjugated diene (C.D.) concentration
vs. t i m e ......................................... 58

Figure 20.

The 18:2ME ozonide-initiated autoxidation
of 18:2ME at 37°C; concentration of
conjugated diene (C.D.) concentration
vs. t i m e ..............

Figure 21.

60

The reaction of ozone with PUFA to give free
radicals......................................... 76

xv

LIST OF FIGURES - PART II
Page
Figure 1.

Figure 2.

Figure 3,

An energy level diagram showing the
energy of a "free electron" in a
magnetic field....................

88

The thermal decomposition of OTO in
CCI 4 (62 mM) at 98°C in the presence of
1-butanethiol (81 m M ) : log (OTO peak area)
vs. t i m e .......................... ...........

104

An Arrhenius plot for the thermal
decomposition of 64 + 2 mM OTO in the
presence of 83 + 3 mM 1-butanethiol.......

106

Figure 4.

ESR spectra obtained by heating
benzene-dg solutions of ABO and 0.1 M DMPO
to 37°C for 15 min in the absence of
oxygen. ........................................ 107

Figure 5.

Simulated ESR spectra showing the hyperfine
splitting patterns for (A) carbon-centered
and (B) oxygen-centered DMPO spin a d d u c t s . ..110

Figure

(A) The ESR spectrum presented in
Figure 4A; this spectrum was obtained by
heating a benzene-dg solution of
0.1 M ABO and 0.1 M DMPO to 37°C
for 15 min. (B) The second derivative
ESR spectrum of (A)........................

6

.

Ill

Figure 7.

(A) The second derivative ESR spectrum of
the ESR spectrum presented in Fogure 4 (A).
(B) A stick simulation of (A) using the hfsc
listed in Table I X ............................. 113

Figure

ESR spectra obtained by heating benzene-dg
solutions of ABO and 0.1 M PBN to 37°C for
15 min in the absence of o x y g e n .............. 115

8

.

Figure 9.

(A) The ESR spectrum presented in
Figure 7B; this spectrum was obtained
by heating a benzene-dg solution of
0.01 M ABO and 0.1 M PBN to 37°C for
15 min in the absence of oxygen.
(B) a simulated ESR spectrum of (A)......... 119

Figure 10,

The ESR spectrum obtained by heating a
benzene-dg solution of 0.07 M ABO and
0.1 M TMPO to 37°C for 30 min in the
absence of o x y g e n ........................
xv i

120

Page
Figure 11.

The ESR spectrum obtained by photolyzing
a benzene-dg solution of 0.2 M DMPO and
0.02 M bibenzyl mercury in the absence
of oxygen.......................................124

Figure 12.

The ESR spectrum obtained by photolyzing
a benzene-dg solution of 0.2 M PBN and
0.02 M bibenzyl mercury in the absence
of o x yg e n ....................................... 125

Figure 13.

The ESR spectrum obtained by photolyzing
a benzene-dg solution of 0.2 M TMPO and
and 0.02 M bibenzyl mercury in the
absence of oxyg e n .............................. 127

Figure 14.

ESR spectra obtained by heating
benzene-dg solutions of OTO and 0.1 M DMPO
to 37°C for 15 min in the absence of
o x ygen .......................................... 128

Figure 15.

ESR spectra obtained by heating
benzene-dg solutions of OTO and 0.1 M
PBN to 37°C for 15 min in the absence
of o x yg e n ....................................... 131

Figure 16.

(A) The ESR spectrum presented in
Figure 14A; this spectrum was obtained
by heating a benzene-dg solution of
0.01 M OTO and 0.1 M PBN to 37°C for
15 min in the absence of oxygen.
(B) A simulated ESR spectrum of (A)......... 132

Figure 17.

The ESR spectrum obtained by heating a
benzene-dg solution of 0.03 M 18:1ME
ozonide and 0.1 M DMPO to 37°C for
30 min in the absence of o x y g e n ...............134

Figure 18.

The ESR spectrum obtained by heating a
benzene-dg solution of 0.03 M 18:1ME
ozonide and 0.1 M TMPO to 37°C for
30 min in the absence of o x y g e n ...............136

Figure 19.

The 1H NMR spectra obtained before,
during, and after the thermal
decomposition of 0.4 M ABO in CDCI 3 ......... 137

Figure 20.

Proposed mechanism for the liquid phase
thermal decomposition of ABO in the
absence of oxy g e n .............................. 140

xvii

LIST OF ABBREVIATIONS - PART I
A B O .......................................Allylbenzene ozonide
D M V N ................ 2,2' -Azobis (2,4-dimethyl-valeronitrile)
C . D ......... ............... ...... ...........Conj ugated diene
Galvi n o x y l ...2, 6 -Di-tert-butyl-a-(3,5-di-tert-butyl-4-oxo2 ,5-cyclohexa-diene-l-ylidene)-p-tolyloxyl
BHT

................. .2, 6 -Di-tert-butyl-4-methylphenol

1 8 :2ME ........................................ Methyl linoleate
18: 1 M E

Methyl oleate

PUFA

Polyunsaturated fatty acids

a - T ................................................ . -Tocopherol

xviii

LIST OF ABBREVIATIONS - PART II
ABO

Allylbenzene ozonide

C I D N P ...... Chemically induced dynamic nuclear polarization
DMPO

5,5-Dimethyl-l-pyrroline N-oxide

E S R ................................... Electron spin resonance
H f s c ........................... Hyperfine splitting constants
18: 1 M E ............................................ Methyl oleate
OTO

1-Octene ozonide

P B N ............................ a -Pheny 1 -N- tert -butyl nit rone
T M P O ................3,3,5,5-Tetramethyl-l-pyrroline

xix

N-oxide

ABSTRACT

Allylbenzene ozonide
unsaturated fatty acid

(ABO), a model for pol y 

(PUFA)

ozonides,

is shown to

initiate the autoxidation of methyl linoleate
37°C under 760 torr of oxygen.
by d-alpha-tocopherol
methylphenol

(BHT).

(18:2ME) at

This process is inhibited

(a-T) and 2, 6 -di-tert-butyl-4Rates of initiated autoxidation were

measured by appearance of conjugated diene

(C.D.) and

oxygen-uptake experiments; rates are proportional to the
square root of ABO concentration,

implying that the usual

free radical autoxidation rate law is obeyed.

Activation

parameters for the thermal decomposition of ABO were
determined under N 2 in the presence of radical scavengers
and found to be E a = 28.2 ± 0.3 kcal m o l - 1 and log A = 13.6
±0.2;
se c " 1 .

k,j(37°C)

is calculated to be

(5.1 ± 0 . 3 )

x 10 “ 7

Preliminary autoxidation data are also reported for

ozonides of 18:2ME and methyl oleate

(18:1ME).

Thermal decomposition of ABO at 98°C in the liquid
phase yields toluene, bibenzyl, phenylacetaldehyde,

formic

acid, and benzyloxymethyl formate as major products; benzyl
chloride is formed when chlorinated solvents are employed.
In addition to these products, benzyl formate is formed
when ABO is decomposed at 37°C.

When ABO is decomposed at

37°C in the presence of the spin traps 5,5-dimethyl-lpyrroline N-oxide

(DMPO), a-phenyl-N-tert-butyl-nitrone
xx

(PBN), or 3,3,5,5-tetramethyl— 1-pyrroline N-oxide
electron spin resonance

(TMPO),

(ESR) signals are observed that are

consistent with benzyl and other carbon- and oxygencentered radicals.

A mechanism for the thermal

decomposition of ABO that involves peroxide bond homolysis
and subsequent /3-scission is proposed.

Thus,

Criegee

ozonides decompose to give free radicals at quite modest
temperatures.

xxi

INSTRUMENTATION - PARTS I AND II
GC analyses were performed on a Varian 3700 gas
chromatograph equipped with a 30 m x 0.25 mm i.d. DB-5
capillary column

(J&W Scientific,

ionization detector.

fused silica)

and a flame

Mass spectra were obtained with

either a Hewlett Packard 5970 gas chromatograph-mass
spectrometer

(El at 70 eV) equipped with a 30 m x 0.20 mm

i.d., dimethyl silicone crosslinked capillary column
(Hewlett Packard)

or a Hewlett Packard 5985A gas

chromatograph-mass spectrometer (Cl using a direct insert
probe and N H 3 as the reagent g a s ) .

^H and 13C NM R spectra

were obtained at 400, 200, or 100 MHz with Bruker 400-AM,
Bruker WP-200,

and IBM NR/100 model spectrometers,

respectively; all chemical shifts are expressed relative to
M e 4 Si.

Infrared spectra were recorded with an IBM IR/32

FT-IR spectrometer.

UV-VIS analyses were carried out using

either a Hewlett Packard 8451A Diode Array or a Varian Cary
219 spectrophotometer.

Quantitative HPLC analysis were

performed with a Hewlett Packard 1090 liquid chromatograph
equipped with a diode array UV/VIS detector; all analyses
utilized either a Dupont "Zorbax" cyanopropyl column
x 4.9 m m i.d.) or an IBM silica gel column
i.d.).

(25 cm

(25 cm X 4.9 mm

Semipreparative HPLC was carried out on a Varian

5000 liquid chromatograph equipped with a Varian UV50
variable wavelength detector and a Whatman silica column
(50 cm x 9.4 m m i.d.).

Electron spin resonance
xxii

(ESR)

spectra were recorded with either a Bruker ER-200 or Varian
E-109 ESR spectrometer.

Ozone was generated in a stream of

oxygen by electrical discharge

(OREC Ozona t o r ) .

Oxygen-uptake experiments were carried out at 37°C
under 760 torr of O 2 in an automatic recording gas
absorption apparatus identical to those described
elsewhere1 .

The apparatus consists of a calibrated

Validyne DP 15-30 pressure transducer (+ 1.25 psi) and CD12

transducer indicator connected to a strip chart

recorder.

Both the transducer and reaction vessel were

thermostatted at 37.00 + 0.05°C.

xxiii

LIST OF MATERIALS - PART I
I. Commercial.
Allvlbenzene. +98% from Aldrich Chemical Company;
distilled under reduced pressure and stored under nitrogen;
passed through neutral alumina immediately before use.
d-Alpha-tocopherol. +95%, was used as obtained from
Henkel Chemical Company.
2 . 2 1 -A z o b i s (2.4-dimethvlvaleronitrile)
as obtained from Polysciences,

(DMVEO . was used

Inc.

Benzene-dg. +99.5%, was used as obtained from KOR
Isotopes Chemical Company.
1-Butanethiol. +99%, Gold Label®, was used as obtained
from Aldrich Chemical Company.
Carbon tetrachloride. Low sulfur, Analytical Grade, was
used as obtained from Mallinckrodt Chemical Company.
Chloroform-dj . 99.96 atom % D, was used as obtained from
Aldrich Chemical Company.
Diethyl e t h e r , anhydrous,

from Mallinckrodt Chemical

Company, was used immediately after opening.
2, 6 —Di-tert—butvl— 4-methvl phenol

(BHT1. 99% from

Aldrich, was recrystallized twice from methanol.
Galvinoxyl was used as obtained from Aldrich Chemical
Co m p a n y .
Hexade c a n e . 99.7%, was used as obtained from Chemical
Samples Co.

xxiv

n - H e x a n e . +99%, HPLC Grade, was used as obtained from
MCB Reagents

(Omni-Solv®)

Methanol, HPLC grade

or Mallinckrodt Chemical Company.

(Omni-Solv®), was used as obtained

from MCB Reagents.
Methvl 1 inoleate. +99%, was used as obtained from Nu
Check Prep.,

Inc.

Methvl o l e a t e . 99%, was used as obtained from Sigma
Chemical C o mpany.
Potassium Iodide. Reagent grade, was used as obtained
from Matheson, Coleman,

and Bell Manufacturing Chemists.

Silica a e l . suitable for column chromatography,
Merck,

from E.

70-230 mesh.

Sodium thiosulfate. as a standard 0.025 N solution, was
used as obtained from Banco Chemical Company.
Tetramethvlsilane. +99.9%, NM R Grade, was used as
obtained from Aldrich Chemical Company.

1 1 . Synthes ized.
Allvlbenzene ozonide
mmol)

in n-hexane

procedure

(ABO).

Allylbenzene

(1 mL, 8.1

(4 mL) was ozonized by the general

(Section 2.1),

warm to room temperature.

flushed with N 2 , and allowed to
Excess solvent was removed in

vacuo and

0.2

g of the resulting crude residue was eluted

on silica

(30 x 1.5 cm o.d.) with n-hexane.

The fraction

corresponding to ABO (Rf=0.6) was collected and analyzed by
HPLC

(IBM silica; 25 cm x 4.9 mm i.d.; eluted with n-hexane
xxv

at 1.0 mL m i n - 1 ; UV detection at 210 n m ) : pure ozonide was
thus obtained as a colorless,
(CDCI 3 ) : S

3 . 0 7 (d, 2 H ) ; 5.09(s,

1 H ) ; and 7.32(m,5H);
103.53,

transparent,

127.04,

liquid:

1 H ) ; 5.18(s,

1 H ) ; 5.39(t,

13C NMR (CDCI 3 ) : d 38.30,

128.52,

129.73,

1H NMR

94.11,

134.65; UV(methanol): 256

nm ( e

= 125 cm ” 1 M - 1 ) ; m/z 166, 120, and 91; IR(neat):

3065,

3033,

2964, 2892,

701 cm” 1 . Anal. Calcd.

1105,

1080,

1056, 753, 738,

for C9H i o ° 3 : c / 65.05;

H, 6.07.

Found: C, 65.01; H, 6.01.
The chemical shifts of the ozonide ring protons
(5.09, 5.18, and 5.39 ppm)

are in good agreement with

chemical shifts reported by Diaper 2 for 1-decene ozonide
(5.01, 5.15, and 5.13 ppm).
Methyl oleate and Methvl linoleate ozonides were
prepared using a modification of a procedure reported by
P n v e t t and Nickell

3 4
' .

dichloromethane

mL) was ozonized at 0°C by the general

procedure

(5

(Section 2.1),

.
A solution of alkene

m

flushed with N 2 , and allowed to

warm to room temperature.
pure ozonides

(0.5 mL)

Solvent was removed in vacuo and

(mixture of cis and trans isomers) were

isolated as colorless and transparent oils by semi
preparative HPLC (Whatman 50 cm x 9 mm o.d. silica;
hexane/diethyl ether(2%)
NMR

(CDCI 3 ) 6

5.17

1.51 ppm (m, 3 1 H ) .
24.0,

at 4 mL m i n - 1 ). 18:1ME ozonide:

(q, 2H, J = 4.8 H z ) , 3.66
13C NMR

(CDCI 3 ) 6

25.0, 29.0, 29.2, 29.4,
xxv i

29.5,

(s, 3 H ) , and

14.1, 22.7, 23.9,

30.8,

^-H

31.9,

32.4,

34.1,

2857,

1741, and 1109 c m " 1 .

362

51.4,

(M+NH4 , 47.5),

106.0, and 174.1 ppm.

220

IR (film)

MS(CI/NH 3 ) m/z(rel.

(35.5), 204

2928,

intensity)

(100.0), and 187

(27.5)

IR data is in excellent agreement with data reported by
Privett and Nickell 4 for a mixture of cis/trans 18:1ME
ozonides.
3.67

18:2ME ozonide:

(s, 3 H ) , 2.20

(film)

1742,

1105,

66.64; H, 10.01.

1H NMR

(CDC13 ) 8

(m, 4 H ) , and 1.40 ppm
1038 cm"1 .

(m, 2 3 H ) .

(m, 4 H ) ,
IR

Anal: calcd for C 1 9 H 3 4 O 5 : C

Found: C, 66.48; H, 10.08.

xxvii
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LIST OF MATERIALS - PART II
I . Commercial.
A c e t o n e . Reagent Grade from EM Science Chemical Company;
stored over 3A molecular sieves.
A c e t o nitrile. Resi-Analysed®, obtained from J.T. Baker
Chemical Company and stored over sodium sulfate.
A l l v l benzene. +98% from Aldrich Chemical Company;
distilled under reduced pressure and stored under nitrogen,
+ 99% by capillary g.c.; passed through neutral alumina
immediately before use.
Benzene-dg . +99.5%, was used as obtained from KOR
Isotopes Chemical Company.
Benzyl c h loride. 97%, was used as obtained from Aldrich
Chemical Company.
Benzyl formate. +98% by capillary g.c., was used as
obtained from Alfa Chemical Company.
B i b e n z y l . +99%,

from Aldrich Chemical Company, was

recrystallized from ethanol; +99% by capillary g.c.
1-Butanethiol. +99%, Gold Label®, was used as obtained
from Aldrich Chemical Company.
Carbon tetrachloride. Low sulfur, Analytical Grade, was
used as obtained from Mallinckrodt Chemical Company.
Chlorobenzene. 99.9%, HPLC Grade, was used as obtained
from Aldrich Chemical Company.
Chloroform-di . 99.96 atom % D, was used as obtained from
Aldrich Chemical Company.
xxviii

Dibenzvl m e r c u r y . +95%, was used as obtained from
Pfaultz and Bauer Chemical Company.
Diethyl e t h e r , anhydrous,

from Mallinckrodt Chemical

Company, was used immediately after opening.
5.5-Dimethvl-l-pyrroline N-oxide (DMPO) . +97%, was used
as obtained from Aldrich Chemical Company.
Formaldehyde. freshly generated by heating
paraformaldehyde

(Mallinckrodt Chemical Company)

stream of nitrogen and bubbled thru CDCI 3 for

in a
NMR

analysis.
Formic a c i d .

88

% from Fisher Chemical Company, was

isolated by azeotropic distillation.
n - H e x a n e . +99%, HPLC Grade, was used as obtained from
MCB Reagents

(Omni-Solv@)

or Mallinckrodt Chemical Company.

1-Octene. +99% from Aldrich Chemical Company, was
distilled under reduced pressure and passed through neutral
alumina before use.
Phenylacetaldehvde. 98% from Lancaster Synthesis I n c . ,
was purified by semi-preparative HPLC (Whatman silica,
cm. x 9 mm o.d.,

50

10% diethyl ether/90% n-hexane at 3.2 mL

m i n ” 1) ; +99% by capillary g.c.
g-Phenvl-tert-butvl-nitrone fPBN). from Kodak Chemical
Company, was recrystallized twice from n-hexane.
Potassium I o dide. Reagent grade, was used as obtained
from Matheson, Coleman, and Bell Manufacturing Chemists.

xxix

Silica g e l , suitable for column chromatography,
Merck,

from E.

70-230 mesh.

Sodium formate. +99% Gold Label®,

from Aldrich Chemical

Company, was dried over sulfuric acid under vacuum.
Sodium h ydroxide, was used as obtained from EM Science
Chemical Company.
Sodium thiosulfate. as a standard 0.025 N solution, was
used as obtained from Banco Chemical Company.
Tetrahvdrofuran. +99%, HPLC Grade, was used as obtained
from Aldrich Chemical Company.
3.3.5.5-Tetramethyl-l-pvrroline N-oxide

(TMPO). +97%,

was used as obtained from Aldrich Chemical Company.
Tetramethvlsilane. +99.9%, NMR Grade, was used as
obtained from Aldrich Chemical Company.
Toluene, +99% by capillary g.c., was used as obtained
from Matheson,

Coleman,

and Bell Manufacturing Chemists.

II. Synthesized.
Allvlbenzene o z o n i d e . see "MATERIALS - PART I".
Benzvloxvmethvl formate, was prepared using a
modification of a procedure reported by Clark et al.5 .
Benzyl chloromethyl ether (Aldrich; 1.7 mL,

12 mmol)

in 10

m L THF was added dropwise under N 2 to a stirred suspension
of sodium

formate (Aldrich; 1 g, 15 mmol)

in THF at 0°C.

Excess THF was removed under N 2 purge and the reaction
mixture was refluxed for

6

h.
XXX

Isolation of pure

compound was accomplished by semi-preparative HPLC

(Whatman

50 cm x 9 mm o.d. silica; hexane/diethyl e t h e r (10%) at 3 mL
m i n - 1 , UV detection at 254 n m ) .

0.3 g (15% yield)

of

purified benzyloxymethyl formate were obtained as a
colorless, transparent,
2 H ) , 5.43

(s,

2 H ) , 7.34

NMR (CDCI 3 ) 6 71.93,
160.5 ppm.;

liquid:

(s,

(m, 5 H ) , and 8.15 ppm (s, 1 H ) ; 13C

88.04,

IR (neat):

1H NMR (CDCI 3 ) 6 4.72

127.9,

1732,

1262,

128.2,
1167,

128.5,136.5, and
1192, 741, 698 cm"

1 ; U V ( n - h e x a n e ) : 258 nm; Anal. Calcd for C 9 H 1 0 O 3 : c > 65.05;
H, 6.07 Found: C, 64.69; H, 6.13.
1-Octene ozonide

fOTO)

was typically prepared in the

following way: a solution of 1-octene
m L n-hexane was
2

(1 mL,

6.4 mmol)

ozonized by the general procedure

in 4

(Section

.1 ), flushed with N 2 , and allowed to warm to room

temperature.

Excess solvent was removed in vacuo and 0.2 g

of the resulting crude residue was eluted on silica

(30 x

1.5 cm o.d.) with n-hexane; pure ozonide was thus obtained
as a colorless,
(t,3H); 1.50

(m,10H); 5.03

(S,1 H ) ; 13C NMR

31.09,

transparent,

liquid:

1H NMR (CDCI 3 ) : 8 0.89

(S,1H), 5.13

(CDCI 3 ) : 5 14.00, 22.47,

31.59, 93.98,

cm- 1 ; Anal. Calcd.

(t,lH); 5.20
23.79,

103.86; IR (neat): 2930,

29.03,

1105,

1059

for CgHi60 3 : c » 59.98; H, 10.07; Found:

C, 60.00; H, 10.10.

The 1H NMR chemical shifts of the

ozonide ring protons

(5.03, 5.13, and 5.20 ppm)

are in good

agreement with 1H NMR chemical shifts reported by Diaper 2
for 1-decene ozonide

(5.01, 5.15, and 5.13 ppm).
xxx i

INTRODUCTION - PART I
1.1

OZONE AS A TOXIN
Ozone is an important constituent of photochemical

smog, reaching levels as high as 0.37 parts per million
(ppm)

in some urban areas6 .

systems are w e 1 1 -documented

Its toxic effects on living

7-9

; the respiratory tract is

the primary point of attack7 .

Biological damage by ozone

includes inactivation of some enzymes

10— 13

, initiation of

autoxidation of polyunsaturated fatty acids

(PUFA )1 1 '1 4 - 1 6 f

diminished resistance of the lungs to bacterial
infection

17 18
7 18 19
'
and lesions in the respiratory tract ' '

That at least part of the pathological damage caused by
ozone involves free radicals

10 11 20

'

'

is suggested by the

fact that vitamin E and other antioxidants protect animals
from some of its toxic effects

21

Ozone exhibits no appreciable paramagnetism and can be
written as one of four resonance contributing forms

(la.

l b . l c . and Id) with .la and lb being the dominant resonance

_

.

©-Q-

contributors

/?• <--> ‘Q..q: <--> -Q.
la
lb
lc

22

.

<— >

:of

.0’

Id

It is a powerful oxidant and reacts with a

wide variety of compounds; much attention has been focused
on determining how ozone, a non-radical,

1

reacts with

compounds to produce radicals

1.2

10 11 20
' '

OZONE-OLEFIN REACTIONS
In non-biological systems the most intensely studied

reactions of ozone have been its reactions with olefins

22

The generally accepted mechanism for the ozonation of
simple olefins in the liquid phase is that proposed by
Criegee

23 24
.
25
'
and modified by others

(Figure 1).

involves the formation of a 1,2,3-trioxolane,

2,

It
in what is

generally believed to be a concerted 1,3-dipolar
cycloaddition that may involve an initial pi
sigma

28

complex.

scission
oxide,

26 27
'
or

This intermediate undergoes rapid

(concertedly or stepwise)

3., and a carbonyl compound.

to give a carbonyl
The carbonyl oxide is

usually illustrated as one of the following dipolar
structures,

3a and 3b

.

\

23

®
•• ©••
C— 0 — o:
••

V.

<

>

\

•• ©II
— O
•• — o:
•«

3a

and,

in the absence of a protic solvent,

3b

reacts rapidly

with a carbonyl compound to yield a 1,2,4-trioxolane,
(Figure 1); 4. is commonly called the Criegee ozonide

23

4
.

the presence of protic compounds, however, the carbonyl
oxide reacts to yield a -hydroperoxyethers, 5, or

In

© ©

4

CH3OH
CH0-^-O-O-H

5

3

HO^p-O-O-H

6

0— 0

\ - 0X

7
3

>

Figure 1.
alkenes.

-oligomers*

The Criegee mechanism for the ozonation of simple

alcohols,
1)

6

29 30
' .

, as shown with methanol and water

(Figure

In addition, the intermediate carbonyl oxide may

react in a variety of ways to give dimeric
polymeric peroxides

(Figure 1)

(7) and

31

The initial rate limiting attack of ozone is sensitive
32-35

to both electronic and s t e n c effects

.

Arrhenius

activation parameters, as well as rate constants,

for the

reaction of ozone and selected mono- and di-substituted
olefins in homogeneous solution are presented in Table I.
As can be seen from Table I, alkenes bearing electron
withdrawing groups react slower than those of electron-rich
alkenes; these data are consistent with an electrophilic
attack of ozone at the double bond

32

.

Also note that for

the ozonation of typical alkenes, the energies of
activation are quite low; these are greatly exothermic
reactions.

1.3

BIOLOGICAL MEMBRANES
The known organic chemistry of ozone-olefin reactions

is also applicable to biological systems since unsaturated
fatty acids are a major building block of biological
me m b r a n e s .
Biological membranes consist mainly of lipids and
proteins

36 37
'

.

Phospholipids are the major class of

membrane lipids and are derived from either glycerol,
three carbon a l cohol, or sphingosine

a

(8 ), a more complex

5
Table I.

The rates of reaction of ozone with selected mono- and di
substituted alkenes in CCI 4 .

alkene

T (K)

k (M'^sec"^-)

,

Ea
(kcal mol'-1-)

log A

allylbenzene 3

298.1

60000

2.3

6.5

3 -me thy1-1-pentene 3

298.1

43800

2.5

6.5

vinyl acetate 3

296.1

29000

2.2

6.1

allyl cyanide 3

298.1

7110

4.1

6.8

178

6.0

6.6

6.0

6.6

1

,1 -dichloro-l-propenek

298.1

1

,1 -dichloroethylene^

298.1

tetrachloroethylenek

aFrom Reference 32.
^From Reference 33.

298.1

25.5
0.007

11

6.0

6

CH3 (CH2)i2CH=CH-CH-CH-CH2OH
NH3©

8

alcohol.

The fatty acyl chains of phospholipids in animal

cells are unbranched and usually contain 14 to 24 carbon
atoms; these chains ma y be saturated or unsaturated.

The

structure of a typical phospholipid is shown in Figure 2.
Table II presents the most common fatty acids found in
biological membranes; the common nomenclature consists of
the number of carbon atoms in the chain followed by the
number of unsaturated bonds

36 37
'

The currently accepted structure for biomembranes is a
protein-bilipid arrangement; this structure contains an
outer hydrophilic region consisting of polar head groups as
well as an inner hydrophobic region consisting of fatty
acid carbon chains.

Varying amounts of proteins are

distributed between the lipid moieties and can account for
up to 80% of the dry weight; most membranes consist of
about 50% protein by dry weight

36

.

The membrane

constitutes a dynamic system: protein and lipid molecules
can diffuse freely within the bilayer

36

.

Membrane fluidity

is governed by the degree of unsaturation in the fatty acid
side chains; increasing the degree of lipid unsaturation
generally results in an increase in membrane

7

0

H2C-0-C(CH2)i4CH3
Cl
H C -0-fc(CH 2 )7 HC=CHCH 2 CH=CH(CH 2 )4 CH 3

0

©

H2C-0-P-0-CH2CH2-N(CH3)3
0©

Figure 2.

Phosphatidyl choline: a typical phospholipid found in
biomembranes.

T a b le I I .

Some common f a t t y

a c i d s fo u n d i n b i o l o g i c a l m em b ran es.

Code

Structure

Name

16:0

CH 3 (CH 2 )1 4 CO 2 H

Palmitic acid

18:0

CH 3 (CH 2 )1 6 C02H

Stearic acid

18:1

CH 3 (CH 2 )7 CH=CH(CH 2 ) 7 CO 2 H (cis)

Oleic acid

18:2

CH 3 (CH2 )4 CH=CHCH 2 CH=CH(CH 2 )7 C 0 2H (cis, cis)

Linoleic acid

18:3

CH 3 CH 2 CH=CHCH 2 CH=CHCH 2 CH=CH(CH 2 )7 C02H (all cis) Linolenic
acid

20:4

CH 3 (CH 2 )4 (CH=CHCH 2 )4 (CH 2 )2 C02H (all cis)

Arachidonic
acid

fluidity

38

.

The ability of biomembranes to function

properly depends on the content of polyunsaturated fatty
acids

(PUFA); therfore, processes that deplete PUFA,

such

as lipid peroxidation can lead to membrane dysfunction

1.4

38

AUTOXIDATION
It has been known for some time that PUFA in food are

susceptible to autoxidation and that these autoxidative
processes lead to rancidity,
toxic compounds

39

.

PUFA m

spoilage,

and the formation of

biomembranes are also

susceptible to autoxidation; these reactions damage the
membrane and contribute to cellular decompartmentalization

36

.

Autoxidation is a radical chain process and has

been extensively reviewed by others

40-44

; a simplified

outline of the radical chain is presented below where LH
represents a molecule of PUFA:

Initiation:

Production of radicals, InIn-

Propagation:

L-

+
+

LH
O2

.... >
.... >

L-02 - + LH .... >
Termination:

l-o 2 •

------ >

Ll

+

(1 )
InH

-o 2 -

L-02H

(2 )
(3)

+

L-

(4)

Non-radical products

(5)

In general this chain consists of initiation, propagation,
and termination reactions.

The initiation sequence

involves the production of radical species that abstract

10
the relatively labile doubly allylic hydrogen atom from
PUFA

(Equation 2) to yield a resonance-stabilized

(conjugated)

allylic radical as shown for linoleic acid in

Figure 3.

1*4.1

Sources of Free Radicals
Free radical production can be divided into

enzymatic and non-enzymatic reactions; these processes have
been reviewed by others

36 37 45
' ' , but some important

examples are worthy of discussion here.
Fe(II)

For example,

catalyzes the decomposition of H 2 O 2

reaction)

46 47
1

(Fenton's

, as well as alkyl hydroperoxides

48 49
'

, to

yield reactive hydroxyl and alkoxyl radicals, respectively
(Equations

6

and 7).

Fe + 2

+

H 2O2

........ >

Fe + 3

+

’OH

+ -OH

(6 )

Fe + 2

+

R00H

.....................>

Fe + 3

+

"OH

+ -OH

(7)

Fe(II) and Fe(III)

salts have been shown to catalyze

the

decomposition of lipid hydroperoxides to form alkoxyl and
peroxyl radicals, respectively
anion,

0 2

50

.

The superoxide radical

*“ , can serve as a reductant in the iron-

catalyzed Haber-Weiss reaction (Equations

02 ‘

+

Fe2+ +

Fe+ 3
H2O2

>

Fe2+

+

02

........... >

Fe3+

+

’OH

8

and 9)4 7 .

(8 )
+

-OH

(9)

11

CH3(CH b )4

(ChHCOzH

In-

->

CHalCHgh

, ( Chfe^COsH

CHfelCHsh

^CHeIjCOzH

CH jtC H z) 4

CHb( CHfe)

+

^ ‘^HebCQaH

^

(OfeJyCOgH

(LO O *)

Figure 3
The abstraction of a doubly allylic hydrogen atom from
linoleic acid.

InH

The net result of these reactions is the production of the
highly reactive hydroxyl radi c a l .

Production of O 2 *” in

vivo is generally associated with "leaks 11 from the complex
network of electron-carrying enzymes within the cell; these
"leaks" allow electrons to reach, and reduce, molecular
oxygen

51

produce

.
0 2

Activated phagocytic cells have been shown to
*” as part of the inflammation process associated

with cell injury

52

.

Finally,

some enzymes,

including

xanthine oxidase and aldehyde oxidase, have been shown to
produce C ^ ’”5 3 .
Xenobiotics can also serve as an important source of
free radicals1 0 '1 1 '2 0 '5 4 '5 5 .

For example, the trichloro-

methyl radical was implicated in early studies of CCI 4
toxicity

54 55
' .

Also, nitrogen oxides

(N0X ) , a major

oxidative constituent of photochemical smog, are free
radicals and are believed to react with PUFA in vivo

1.4.2

11

.

Protection against Free Radicals
Protective mechanisms against free radical damage
/■ c o

exist in living cells

'

r *7

'

'

.

A class of compounds

known as antioxidants intercept radicals and convert them
to stable (and non-propagating)

compounds.

Perhaps the

most studied of these antioxidants is vitamin E, a lipid
soluble phenolic compound58- 6 0 .

"Vitamin E" refers to one

or more of four structurally related compounds called
tocopherols; a-tocopherol

(a-T), the most abundant and

13

biologically active form of vitamin E, is shown below.

HO

CH3

Ascorbic acid

(vitamin C ) , a water soluble antioxidant, has

been shown to regenerate vitamin E-radical and, therefore,
can act indirectly in preventing lipid peroxidation

fi1

fio

Some enzymes protect against lipid peroxidation by
scavenging radicals or radical precursors5 3 '6 3 '6 4 .

For

example, glutathione peroxidase and catalase catalyze the
following reactions,

respectively,

and help dispose of

hydrogen peroxide:

H20 2

+

2GSH

-

" p e io x itia s e "

2H 2 0 2

>

GSSG

>

2H20

+

H2 °

+

<1 0 >

(11)

02

Glutathione peroxidase is specific for glutathione

(GSH) as

a hydrogen donor, but will reduce peroxides other than
H2 O2

56 64
' •

Superoxide dismutase

dismutation of
(Equation 12).

0

(SOD) catalyzes the

2 *“ into hydrogen peroxide and w a t e r 5 3

14

202 ''

-

+

2H+ --------- >

H 20 2

+

(12)

Even though 0

2

peroxidation

37 65
', its dismutation eliminates a

pathway for
(Equation

1.4.3

6

*” is too unreactive to

02

initiate lipid
possible

the production of hydroxyl radicals via Fe(II)
).

Measurement of Lipid Peroxidation
A number of techniques are available for measuring

lipid peroxidation

.

Since peroxidation results in the

incorporation of oxygen into PUFA via peroxyl radicals,
measurement of oxygen uptake is a useful index of lipid
peroxidation

70-72

.

Another method for detecting lipid

peroxidation is measuring UV absorbance in the range 230235 nm

68 73
'

; conjugated dienoic hydroperoxides,

the

principal product of PUFA autoxidation, absorb strongly in
this region

68 73
'

.

Ethane and pentane are minor products

from the peroxidation of PUFA

and are useful marker

compounds for lipid peroxidation in vivo

74—77

.

Their

formation is dependent on the presence of transition-metal
ions to catalyze the decomposition of the lipid hyd r o 
peroxides as shown below for linoleic acid:

15

?0H

CH 3 (CH 2 )4 CHCH=CHCH=CH(CH 2 )7 CO 2 H

+

Fe ^

?'

CH 3 (CH2 )4 CHCH=CHCH=CH(CH 2 )7 CO 2 H

+

>

‘OH

+

Fe + 3

CH 3 (CH2 )3 CH 2 * + HCCH=CHCH=CH (CH 2 )7 C02H

9

(13)

(14)

10

10

--^rogen^tomdonor^

CH3(CH2)3CH3

(15)

The thiobarbituric acid (TBA) test is one of the oldest
tests for the peroxidation of fatty acids, membranes,
food products

81—83

.

and

It is based on the reaction of TBA

(11) and malondialdehyde

(MDA, 12.) , a minor product

obtained from the peroxidation of PUFA with three or more
double bonds, to give the highly colored TBA adduct,

13

(Equation 16).

0

D

Hh

]

}

+

A
he
?*

(16)

CH

0

II

12

Other methods for lipid peroxidation include titrimetric
analysis of hydroperoxides8 4 , fluorescence measurements8 5 ,
and measure-ments of loss of PUFA

86

16

1.5

OZONE AND LIPID PEROXIDATION
The high reactivity of ozone towards alkenes makes

PUFA in lung lipids possible targets of attack when smoggy
air containing ozone is breathed

10 11 20 87
' ' '

Evidence

collected over the past two decades has implicated radicalmediated reactions,

including lipid peroxidation,

toxic response to ozone

10

.

as a

Much of this work involves the

role of vitamin E and other radical scavengers as
protective agents against ozone.

There is some debate in

the literature, however, as to whether ozone can react
directly with lung PUFA in vi v o 8 8 '8 9 .
The following sections describe key studies concerning
the reaction of ozone and PUFA.

1.5.1
1.5.1.1

In vitro Studies
Chemical studies.
Patterson and Srisankar utilized a simple lipid

membrane model system consisting of a monolayer of oleic
and linoleic acids on water to study ozone-induced PUFA
peroxidation

90

.

Introducing 0.03 ppm ozone into the

headspace above the PUFA resulted in an immediate
contraction of the monolayer,
surface tension,

as measured by changes in

a-Tocopherol inhibited contraction only

when present in the fatty acid monolayer in excess of
mole %.

6

From these data the authors concluded that a

peroxidative radical chain was not operative and instead

17

suggested that ozone attacks the PUFA double bonds via
typical C n e g e e reactions

90

Roehm et al. exposed thin films and aqueous emulsions
of PUFA esters to 1.5 ppm levels of ozone

91

.

Roehm et al.

did not observe appreciable increases in 234 nm absorbance
for the ozone-exposed thin films of 18:2 and 18:3 PUFA, but
did observe an increase m

TBA-reactive materials

91

. Since

the rapid formation of TBA-reactive materials was not
inhibited by antioxidants, Roehm et al. suggested that
ozone reacts with PUFA to yield ozonides as the major
pathway and that the usual chain autoxidation is not
operative

91

Heath studied the reaction of 5 ppm, and above,
levels of ozone with oleic,
m

buffered aqueous solution

linoleic,
92

.

and linolenic acids

Using a flow system and

monitoring the amount of ozone reacted, Heath showed that
ozone reacts stoichiometrically with oleic and linoleic
acids and less than stoichiometrically with linolenic acid.
Yields of TBA-reactive materials were only about 2% based
on moles of ozone consumed

92

.

Heath concluded that the

Criegee mechanism accounts for the reaction of ozone with
unsaturated fatty acids in aqueous solutions and that
peroxidative reactions are unimportant

92

In a study dealing with the effect of ppm levels of
ozone on neat PUFA, Pryor et al. showed that ozone shortens
the time required for the onset of autoxidation

93

.

In

18

addition, ozone increased the rate of production of
peroxidic and conjugated diene products during the
induction phase and this rate is unaffected by vitamin E
and other phenolic antioxidants.

Pryor et al. postulate

that ozone reacts with PUFA to produce a Criegee ozonide,
or a similar oxygenated product, and that these react in
some unknown process to produce primordial radicals that
initiate short kinetic chains

93

Using a spin-trapping method

94 95
'
Pryor et al. showed

that ozone reacts with PUFA at -78°C to yield an
intermediate that decomposes at about -45°C to give alkoxyl
and alkyl radicals
other olefins

97

.

96

.

Similar results were obtained with

Pryor et al. postulate that this

intermediate is a hydrotrioxide, ROOOH,

formed in

competition with typical Criegee ozonolysis

1.5.1.2

96—99

Biological studies.
Early studies by Balchum et a l . 1 0 0

showed a

decrease in unsaturated fatty acids in the membranes of
human erythrocytes exposed to 40 ppm ozone.
of oleate

(18:1), linoleate

Thus, levels

(18:2), and arachidonate

(20:4)

in ozone exposed cells decreased by 17, 25, and 38%
respectively,

relative to air-exposed cells1 0 0 .

These

results, together with earlier findings of increased
cellular osmotic fragility
thiobarbituric acid

87

and production of

(TBA)-reactive materials in ozone-

19

exposed mice

101

, led Balchum et al. to postulate that lipid

peroxidation is important in ozone-induced cell damage1 0 0 .
Recently, Van der Zee et al. studied the influence of
ozone on stirred suspensions of human red blood cells

103

Lipid peroxidation, as measured by TBA-reactive materials
and fluorescent chromolipids1 0 4 , was observed; this is in
agreement with early work by Goldstein et al.
addition,

101

.

In

K+ ion leakage and inhibition of some membrane-

associated enzymes were observed

103

n a c

Freeman et al.

«i A/r

and Tiege et al.

present

different findings from those reported by Balchum et
a l . 1 0 0 , Goldstein et al.8 7 '10 1 '1 0 2 f ancj y an ^er Zee et
al.

103

.

Exposure of ghost erythrocytes

erythrocytes

106

105

or intact whole

to ozone resulted in no appreciable

alterations in either phospholipid,

cholesterol,

or fatty

acid composition relative to oxygen-exposed erythrocytes.
In a second set of experiments , these authors studied the
effect of ozone on enzymes located on the outside or inside
of the cell membrane
acetylcholinesterase

105

.

They reported that erythrocyte

(AChE)

, an enzyme located outside the

cell membrane was significantly inhibited when whole
erythrocytes were exposed to ozone.
phosphate dehydrogenase

Glyceraldehyde-3-

(GPDH), an enzyme located inside

the cell, was also found to be inhibited.

These results,

coupled with no detectable changes in membranous lipid
composition,

present strong evidence that ozone can

penetrate a biological membrane without reacting with the
lipid constituents1 0 5 .
Guerrero, et al. exposed human lung cells

(WI-38) to

ppm ozone for two hours and showed that ozone caused the
release of intracellular acid phosphatase leading to a
higher incidence of cell death

107

.

Guerrero thus shows

that ozone disrupts membrane permeability, presumably by
oxidation of membranous PUFA

1.5.2

107

In vivo Studies
In addition to the in vitro studies discussed above

many workers have studied the effects of ozone in v i v o .
Like the in vitro work,

in vivo studies also have led to

contradictory findings.
Roehm et al. studied the effect of vitamin E on the
fatty acid composition of lung tissue of rats exposed to
and 0.5 ppm ozone

109

.

They found that 1 ppm ozone

administered for nine days led to decreases in the levels
of rat lung 18:1 and 18:3 PUFA and that this effect was
reduced by a vitamin E-supplemented diet.

Levels of

arachidonate in the lung tissue increased in both vitamin
E-depleted and vitamin E-supplemented ozone-exposed rats.
Roehm et al. suggest that the increase in 20:4 may be due
to increases in prostaglandin hormone synthesis caused by
oxidative stress1 1 '1 0 9 .

Roehm et al. postulate that the

protection afforded by vitamin E on lung PUFA implicates

1

21

lipid peroxidation as a mechanism for toxicity; this is
based solely on the known function of vitamin E as an in
vivo lipid antroxidant

109

Shimasaki et al. exposed rats to 1.1 ppm ozone for
five days and analyzed both the endobronchial washings and
lung tissue for changes in fatty acid composition

108

Results showed increases in the levels of arachidaonic and
linoleic acids and decreases in levels of most other PUFA
in the endobronchial washings.

Little or no change in lung

lipid fatty acid composition was noted, except for an
increase in cholesteryl arachidonate

108

.

Shimasaki et al.

suggest that lung surfactant, which is high in lipids,
protects the underlying lung tissue from acute exposure to
ozone

108

.

Following the suggestion of others

11

109
'
, they

propose an increase in lipid biosynthesis enzyme activity
to account for the elevated levels of arachidonate and
linoleate1 0 8 .
Larkin et al. showed that prolonged exposure

(8

h/day

for one year) of rats to 0.64 ppm ozone led to markedly
decreased levels of 18:2 and 18:1 PUFA m
relative to air-exposed rats.

the lung

no

These results agree with

results obtained earlier with monkeys in which similar
decreases in lung PUFA were observed under identical
exposure conditions

1 1 *1

Different results were obtained more recently by
Goheen et al.; rats exposed to 0.96 ppm ozone for up to 4

22

weeks showed little or no change in lung PUFA composition
relative to rats breathing filtered air

112

.

Goheen et al.

postulate that the polyunsaturated acyl chains of
phospholipids
ozone in vivo

(18:2 and 20:4) are not the major target for
112

Early studies by Chow and Tappel showed that vitamin E
afforded protection against lipid peroxidation m

rats

113

In that report, rats were fed between 0 and 1500 mg vitamin
E per kilogram for 30 days and then exposed to 0.7 ppm
ozone continuously for 5 days.

Lung tissue assays showed

substantial decreases in TBA-reactive material with vitamin
E supplementation

113

Dumelin et al. and Dillard et al. have published a
series of papers using pentane/ethane levels in expired
breath as an index of lipid peroxidation in v i v o 14" 1 6 .

In

the first study, vitamin E-deficient and vitamin Esufficient rats were exposed to

1

ppm ozone for 60 m i n 1 4 .

Rats maintained on a vitamin E-deficient diet exhaled
significantly more ethane and pentane than did the vitamin
E-sufficient rats, suggesting that ozone initiates lipid
peroxidation in vivo and that vitamin E protects against
damage

14

.

Bonnet monkeys

(macaca radiata)

exposed to 0.5

or 0.8 ppm ozone for 7, 28, or 90 days showed no
significant differences in levels of exhaled ethane and
pentane relative to monkeys breathing air alone

15

.

Blood

plasma and lung tissue vitamin E levels were generally high

(>0.5 mg/100 mL and >1.0 mg/100 mL for plasma and lung,
respectively).

Dumelin et al. conclude that little or no

lipid peroxidation occurred in the lungs of the monkeys
exposed to ozone and that this was probably due to the high
levels of vitamin E

15

.

The third study, by Dillard et al.,

measured pentane levels in the expired breath of humans
that were subjected to a combination of both light exercise
and 0.3 ppm ozone for one hour

16

.

The results showed no

significant changes in levels of pentane expired by the
subjects after ozone exposure relative to that caused by
exercise alone.
E

However, diet supplementation with vitamin

(1200 International Units per day for 2 weeks)

significantly reduced the levels of expired pentane both at
1g
rest and during exercise
. Dillard et al. conclude from
these results that vitamin E affords protection against
1 /“

ozone-initiated and exercise-induced lipid peroxidation

1.5.3

Ozonides as Toxic Intermediates
As discussed earlier, ozone reacts readily with

double bonds to form, under certain conditions,

ozonides.

Because PUFA are important components of phospholipids,
ozonides may be formed in lung lipids exposed to ozone.
Fatty acid ozonides have been suggested by some to be key
toxic intermediates when air containing ozone is
breathed

11

Cortesi and Privett investigated the toxic effects of

methyl linoleate ozonide on rats

114

.

The lethal dose by

intravaneous injection was found to be 0.07 mmol/100 g body
weight and the rats died of lung congestion and injury
similar to that observed from ozone intoxication1 1 4 .

No

significant changes in vitamin E or PUFA content in the
lung tissues were found except for small increases in
arachidonate levels.

Analysis of the lung plasma, however,

showed decreased levels of linoleic and linolenic acids as
well as increased levels of arachidonate.
Privett

114

and others

Cortesi and

11 109
'
postulate that increases in

arachidonate levels are the result of increases in
prostaglandin-producing enzyme activity that are commonly
associated with oxidative stress.
Menzel et al. showed that ozonides of oleic,
linolenic,

linoleic,

and arachidonic PUFA methyl esters produce Heinz
"IIP

body inclusions in human and mouse erythrocytes

<1 I

'

.

Heinz body inclusions, thought to be disulfide-linked
polymers of m e t h e m o g l o b m

117

, were also observed in

erythrocytes of mice exposed to 0.85 ppm ozone for 2
days

116

.

Erythrocytes from vitamin E-supplemented humans

were protected from methyl oleate ozonide-induced Heinz
bodies

115

.

glutathione

Ozonides were shown to react with reduced
(GSH) to form oxidized glutathione

physiological conditions

116

.

(GSSG) under

Menzel et al. suggest that if

PUFA ozonides are formed in the lungs when air containing
ozone is breathed,

then they may serve as toxic

25

intermediates in ozone-induced cell damage.
Rietjens et al. demonstrated in vitro that rat
alveolar macrophages showed decreased phagocytic activity
when incubated with
ozonide

118

.

10“4

to

10~5

M methyl linoleate

Macrophages sufficient in GSH or supplemented

in vitamin E were protected against this effect.

Pre

incubation of the ozonide with GSH or vitamin C decreased
its potency towards phagocytic inhibition.

Furthermore,

detoxification of methyl linoleate ozonide by GSH was
catalyzed by glutathione-S-transferase

118

.

This study adds

additional support to the hypothesis that PUFA ozonides can
serve as toxic intermediates in ozone-induced cell damage.

1.5.3.1

Ozonides as free radical initiators.
Conant and Tongberg showed early that partially

ozonized samples of

2

-methyl- 1 ,3-butadiene polymerized more

rapidly than untreated 2-methy1-1,3-butadiene

119

.

The

authors attributed this enhancement to the ozonide of

2

-

m e thyl- 1 ,3-butadiene, however no attempt was made to
isolate the authentic ozonide and test it as an initiator.
In two closely related papers, Houtz and Adkins reported
that the ozonides of cyclohexene,

2

-methyl propene,

2,6, 6 -trimethylbicyclo[3.1.1]hept-2-ene
the polymerization of styrene

120 121
'

(pinene)

and

initiated

In a preliminary

report, Menzel et al. suggest that fatty acid ozonides
initiate lipid peroxidation in isolated microsomes and

26
.

mitochondria

122

.

However,

little or no kinetic data or

mechanistic information are reported.

1.6

PURPOSE OF PROJECT
Pryor et al. have been interested for some time in

elucidating the mechanism(s) by which ozone, a non-radical,
reacts with olefins to yield free radicals

10

0*1

'

’

9ft

'

99

.
123

part of this continuing research effort, Pryor et al.
studied the reaction of ozone with
for polyunsaturated fatty acids

1

,4-pentadiene,

(PUFA).

As

a model

In this work, a

remarkable observation was made: ozonated

1

,4-pentadiene

initiated the autoxidation of 1,4-pentadiene

12 3

.

The

identity of the initiating species could not be
unambiguously established, however, due to difficulties in
handling the low molecular weight ozonation products.

The

purpose of the present project, therefore, was to identify
the specie(s)
autoxidation.

responsible for the observed initiation of
Once this had been achieved, work could then

be focused on the characterization of the compound(s)
free radical initiator.

as a

This study would include

experiments aimed at elucidating the mechanism by which
free radicals are produced.
A logical starting point was to change the PUFA model
and thus eliminate problems associated with the high
volatility of 1,4-pentadiene.

Allylbenzene,

as the new PUFA model for several reasons.

14., was chosen
Firstly,

its

27

higher molecular weight made it , and its ozonation
products,

easier to handle than the lower molecular weight

and more volatile 1,4-pentadiene.

Also,

allylbenzene

contains doubly allylic/benzylic hydrogens that model the
reactivity of the doubly allylic hydrogens of 1,4pentadiene.

And finally, the phenyl group in allylbenzene

serves as a useful chromophore for UV-detection in
chromatographic separation techniques.
It was also deemed necessary to change the substrate
undergoing autoxidation; an appropriate replacement for
1,4-pentadiene seemed to be methyl linoleate

(18:2ME).

18:2ME is an attractive alternative to 1,4-pentadiene for
two reasons.

Firstly,

its low v olatility makes it easier

to handle than the more volatile 1,4-pentadiene.
and perhaps more importantly,

Secondly,

18:2ME is an authentic PUFA.

EXPERIMENTAL PROCEDURES - PART I

2.1

GENERAL OZONOLYSIS PROCEDURE
Ozone was delivered as an ozone/oxygen stream at a

rate of 0.1-0.2 mmol ozone m i n ” 1 .

Ozonolysis was typically

carried out at -78°C to about 90% of the theoretical
requirement of olefin using a simple bubbler apparatus.
Effluent gas was passed through 2% KI to detect unreacted
ozone; slight discoloration of this trap is observed at
greater than 50% olefin conversion, this "breakthrough"
. .124
phenomenon has been reported by R a z u m o v s k n
in the
ozonation of l-hexene=
detonation,
ozonides,

CAUTION: due to the possibility of

all ozonation mixtures,

as well as purified

should be handled behind a safety shield and with

thick gloves.
Ozone output

(mmol m in- 1 ) was measured prior to

substrate ozonation by the method of Birdsall et al.

125

In a typical determination an O 3 / O 2 stream was bubbled thru
2% KI for 15 sec; 5 m L 5% H 2 S O 4 were added and this
solution was titrated to a colorless endpoint using 0.0125
M Na2 S2 03 .

2.2

PREPARATION OF CRUDE ALLYLBENZENE/OZONE REACTION
MIXTURE
A solution of allylbenzene

(1 mL)

in n-hexane

(4 mL)

was ozonized at -78°C by the general procedure to either
100

% or

20

% conversion based on ozone consumed,
28

flushed

29

with nitrogen, and allowed to warm to room temperature.
Solvent was removed on a rotary-evaporator at 0°C to leave
a viscous, pale yellow residue; this residue constituted
the "crude allylbenzene/ozone reaction mixture".

2.3

TREATMENT OF THE CRUDE ALLYLBENZENE/OZONE REACTION
MIXTURE WITH SILICA GEL
The crude allylbenzene/ozone reaction mixture was

prepared as described in Section 2.1
on ozone reacted).
column

(100% conversion based

This mixture was eluted on a silica

(20 x 1.5 cm) starting with 50/50

hexane:diethyl ether and increasing to

(v/v) n-

100

% diethyl ether.

The entire column effluent was stripped on a rotaryevaporator to leave a pale yellow, viscous residue.

2.4

PREPARATION OF CRUDE 18:1ME/0Z0NE AND CRUDE
18:2ME/OZONE REACTION MIXTURES
A solution of 18:1ME or 18:2ME

(1 mL)

in n-hexane

(4

mL) was ozonized at 0°C by the general procedure to 100%
conversion

(based on ozone reacted), flushed with nitrogen,

and allowed to warm to room temperature.

Solvent was

removed on a rotary-evaporator at 0°C to leave a viscous,
colorless,

residue; this residue constituted the "crude

18:1ME or 18:2ME/ozone reaction m i x t u r e " .

2.5

THE REACTION OF OZONE AND ALLYLBENZENE AT -78°C:
QUANTITATION OF ABO YIELD
A stock solution of 0.4328 g (3.662 mmol)

allylbenzene

30

in 10.00 m L n-hexane was prepared;

2.00 mL aliquots of this

solution were ozonated separately at -78°C,

flushed with

N 2 , and allowed to warm to room temperature.
and ABO were then quantitated by HPLC

Allylbenzene

(silica,

1% diethyl

ether in n-hexane at 1 m L m i n ”1 , UV detection at 210 nm)
using standard calibration curves and chromatogram peak
areas.

2 .6
2.6.1

AUTOXIDATION PROCEDURES
Oxvcren-uptake Measurements
Oxygen-uptake experiments were performed at 37.00 +

0.05 C under 760 torr of O 2 in the automatic gas absorption
apparatus listed under "Instrumentation:

Parts I and II".

In a typical experiment 2.00 mL 18:2ME containing a known
amount of ABO were rapidly stirred under O 2 in a flask
attached to the gas absorption apparatus; a decrease in
pressure was measured over time and converted into molar
quantities

12 6

.

The applied corrections due to oxygen

uptake and release of CO by the primordial radicals from
the initiator and oxygen release by termination reaction
are small

2.6.2
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(Table VI) due to long kinetic chain lengths.

Conjugated Diene

(C.D.l Measurements

Autoxidation experiments in which the appearance of
conjugated diene

(C.D.) was monitored were typically

performed as follows: methyl linoleate

(18:2ME,

1 mL)
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containing a known amount of ozonide was stirred at
37.0

+ 0.1 C in a vial equipped with a silicon septum;

oxygen was continuously introduced by means of a capillary
bleed tube.

Aliquots

diluted with methanol,

(5.0 /uL) were periodically withdrawn,
and their absorption at 234 nm

measured; these absorbances were converted to C.D.
i
n 127
concentrations using e = 27,000 M -Lcm x
.

slower rates of initiated autoxidation (17 and

For the
68

mM

ozonide), the vial containing 1 mL 18;2ME was maintained
under N 2 ca.

2

hours prior to addition of the ozonide to

ensure thermal equilibration at 37°C.

This precaution was

unnecessary with higher concentrations of ozonide because
of the large rates of autoxidation.

One run was performed

in the automatic gas absorption apparatus for comparison.
Some autoxidation experiments were performed using the
bubbler apparatus shown in Figure 4; tank air or O 2 was
bubbled through the autoxidizing solution at 110 m L m i n - 1 .

2.7
2.7.1

KINETICS OF ABO DECOMPOSITION
HPLC Method
In a typical experiment 1.00 m L aliquots of stock

solutions of ozonide in CCI 4 were transferred to a series
of 2 m L ampoules which were then cooled to -78°C under N 2
purge and sealed.

Twenty-five ampoules were placed in a

thermostatted oil bath; individual ampoules were periodi
cally withdrawn,

quenched at 0°C, the contents were diluted
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SCREW-TOP CAP
WITH SEPTUM
Oo

7 0

or

AIR

MM

COARSE
FRIT

THERMOSTATED

Figure 4.
The bubbler apparatus used to study the DMVN-initiated
autoxidation of 18:2ME.
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to 10.00 m L with n-hexane and analyzed by HPLC.

In this

manner, the disappearance of ozonide was measured over
three or more half-lives except for the 37°C run which was
measured over

2.7.2

2

half-lives.

— H NMR Method

(attempted)

To a medium walled 5 mm NMR tube were added ca. 0.3
m L of a mixture of 0.4 M ABO and 0.2 M BHT in benzene-dg.
This sample was

(a) degassed under N 2 three times using a

freeze/thaw cycle,

(b) sealed under vacuum, and

in a water bath thermostatted to 37.00 ± 0.05°C.

(c) placed
The

sample was then periodically analyzed by 1H NMR for 23
days;

loss of ABO was measured by monitoring a decrease in

intensity of the 1H NMR ozonide ring signals at 5.12 and
5.70 ppm.

RESULTS - PART I

3.1

INITIATION OF AUTOXIDATION OF METHYL LINOLEATE
(18:2ME) BY CRUDE ALLYLBENZENE/OZONE REACTION MIXTURES
When 20.0 yuL of freshly prepared crude

allylbenzene/ozone reaction mixture
conversion based on ozone reacted)

(Section 2.1; 100%
are added to 1.00 mL

neat 18:2ME stirred at 37°C under 760 torr O 2 , autoxidation
is initiated

(Line A, Figure 5).

Figure 5, an initial "burst",

As can be seen from

followed by a slower and more

regular increase in conjugated diene

(C.D.)

is observed.

Similar results are obtained in a separate experiment when
10.0

n L of the same crude allylbenzene/ozone reaction

mixture are used; this result is also plotted in Figure 5
(Line B ) .

Rates of autoxidation

the 20.0 ^L (Line A) and 10.0 n h

(after the "burst")

for

(Line B) samples are

(4.2

+ 0.1) x 10 ” 6 and (3.2 + 0.1) x 10 ” 6 M sec--*-, respectively;
the "spontaneous" rate of autoxidation

(Line C) is (2.8 +

0.2) x 10 “ 7 M sec"1 .

3.2

TREATMENT OF THE CRUDE ALLYLBENZENE/OZONE REACTION
MIXTURE WITH SILICA GEL
When 10.0 /iL and 20.0 n L aliquots of a silica gel-

eluted crude allylbenzene/ozone reaction mixture
2

.1 ;

100

% conversion based on ozone reacted)

(Section

are added to

separate samples of 1.00 m L 18:2ME stirred at 37°C under
760 torr O 2 , autoxidation is initiated

34

(Figure

6

).

The
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Figure 5. The crude allylbenzene/ozone reaction mixture-initiated
autoxidation of 18:2ME at 37°C: appearance of conjugated diene
(C.D.) with time.
Line A: 20.0 /iL crude allylbenzene/ozone
reaction mixture added to 1.00 mL 18:2ME stirred under O 2 ; Line B:
10.0 /xL of the same crude allylbenzene/ozone reaction mixture added
to 1.00 mL 18-.2ME stirred under O 2 ; Line C: 1.00 mL 18:2ME stirred
under O 2 .
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Figure 6 . The effect of a silica gel-treated, crude
allylbenzene/ozone reaction mixture on 18:2ME at 37°C: appearance of
conjugated diene (C.D.) with time.
This plot shows the results of
three separate experiments.
Experiment A: at time X (10 min), 20.0
/iL of crude allylbenzene/ozone reaction mixture (silica gel treated)
were added to 1.00 mL 18:2ME stirred under O 2 ; Experiment B: at
time Y (70 min.), 10.0 /iL of the same crude allylbenzene/ozone
reaction mixture (silica gel treated) were added to 1.00 mL 18:2ME
stirred under O 2 ; Experiment C: 1.00 mL 18:2ME stirred under O 2 .
Experiments A and B show the effect of sequential additions of 73
and 120 /zmol a-T.
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initial "burst" observed in Figure 5 is absent and the
rates of initiated autoxidation for the 20.0 juL (Line A)
and 10.0 /iL (Line B) samples are (4.2 + 0.2) x 10 - 6 and
(3.1 + 0.1) x 10 - 6 M sec- 1 , respectively; the "spontaneous"
rate of autoxidation

(Line C) is (2.5 + 0.2) x 10 - 7 M

sec- 1 .
Figure

6

also shows the effect of sequential additions

of 2.4 m M a-T: autoxidation is inhibited for time periods,
r.

For Experiment A

(Figure

6

), the pre-inhibited rate of

autoxidation is (4.1 + 0.1) x 10 - 6 M sec- 1 ; post-inhibited
rates of autoxidation are

(4.2 + 0.1) x 10 - 6 M sec - 1 and

(4.2 ± 0.1) x 10 - 6 M sec- 1 .

For Experiment B (Figure

6

),

the pre-inhibited rate of autoxidation is (2.9 + 0.1) x
10 - 6 M sec- 1 ; the post-inhibited rates of autoxidation are
(3.1 + 0.1) x 10 - 6

and (3.1 ± 0.1) x 10 - 6 M sec- 1 .

Thus,

within a given experiment, pre- and post-inhibited rates of
autoxidation agree within experimental uncertainties.

3.3

THE REACTION OF OZONE AN D ALLYLBENZENE AT -78°C:
QUANTITATION OF ABO YIELD
Table III presents ABO yields based on reacted ozone;

in general, ABO is formed in ca. 80% yield.

Table III also

lists percent allylbenzene conversions based on both
reacted ozone as well as reacted allylbenzene; these values
are in satisfactory agreement.

Table III.

Run®

Quantitation of ABO from the reaction of ozone and allylbenzene at -78°C.

Initial
allylbenzene
(mmol)

Ozone
introduced
(mmol)

Final
allylbenzene
(mmol)

* Conversion of
allylbenzene based
on ozone®

% Conversion of
allylbenzene based
on reacted allylbenzene0

ABO
(mmol)

% Yield
ABO

1

0.7324

0.45 + 0.01

0.31 + 0.01

61 + 2

58 + 1

0.36 + 0.01

80 + 4

2

0.7324

0.210 + 0.01

0.53 + 0.01

29 + 1

28 + 1

0.17 + 0.01

81 + 9

ABO, allylbenzene ozonide.
a Each run represents two identical experiments.

15 1 -

(initial allylbenzene - ozone introduced)/initial allylbenzene

c (initial allylbenzene - final allylbenzene)/initial allylbenzene
^Based on reacted ozone;

(mmol ABO/mmol ozone introduced)

x 100

x 100

x 100

U>
03
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3.4

KINETICS OF ABO THERMAL DECOMPOSITION
Rate constants,

k^,

for the thermal decomposition of

ABO at 37, 50, 70, and 98°C were obtained in CCI 4 in sealed
ampoules by following the disappearance of ABO with time by
HPLC.

When the decomposition is carried out in the absence

of a radical scavenger

128

, plots of log(ozonide peak area)

versus time shows some scatter (Figure 7).
of the radical scavenger

1 -butanethiol,

In the presence

plots of

log(ozonide peak area) versus time are linear over at
least three half-lives; a typical plot is shown in Figure
8

.

Rate data for the decomposition of ABO in the presence

of radical scavengers are presented in Table IV.
these data an Arrhenius plot can be constructed

From
(Figure 9)

from which the activation parameters E a = 28.2 + 0.3 kcal
m o l - 1 and log A = 13.6 + 0.2 for ABO are obtained.
An attempt to measure the rate of ABO decomposition by
1H NMR (0.4 M ABO,

0.2 M BHT,

in benzene-dg)

is shown in

Figure 10; this plot of log(ABO NMR signal intensity) vs.
time is scattered and non-linear.

3.5

KINETICS OF THE ABO-INITIATED AUTOXIDATION OF 18:2ME.
When ABO is added to neat 18:2ME stirred at 37°C under

760 torr O 2 , autoxidation is initiated.

This is

illustrated in Figure 11, in which plots of conjugated
diene

(C.D.) concentration with time are presented; rate

data for these plots are collected in Table V.

These
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Figure 7. The thermal decomposition of ABO in CCI 4 (6.82 mM) at
50°C in the absence of 1-butanethiol. Log(ozonide peak area3 ) vs.
time.
aFrom HPLC analysis (see Section 2.7.1).
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Figure 8 . The thermal decomposition of ABO in CCI 4 (6.87 mM) at
50°C in the presence of 1-butanethiol (8 . 6 m M ) . Log(ozonide peak
areaa ) vs. time.
The slope of the line is equal to -k(j/2.303.
aFrom HPLC analysis (see Section 2.7.1).

Table IV.

Rate constants for the thermal decomposition
of ABO in CCI 4 under N 2 in the presence of
radical scavengers.

ABO
(mM)

Scavenger
(mM)

Temperature
(°C)

6.52

9.34b

37

0.61 ±

6.87

8

.59b

50

3.27 ± 0.03

0.721

0.850b

50

3.41 ± 0.05

50

3.24 + 0.07

6.58

14. 2C

kd ,
(x 1 0 6 )a

0.01

7.16

8

.59b

70

50 ± 3

0.709

0.850b

70

42.9 ± 0.7

7.16

8

.59b

98

1010 ± 30

0.710

0.850b

98

1010 ± 30

ABO, allylbenzene ozonide; HPLC, high pressure liquid
chromatography.
aObtained by least squares analysis of data fit to the
equation log(ABO) — -kjjt/2.303, where ABO is the raw peak
area from HPLC analysis, t is time, and the slope of the
line is equal to -kd/2.303.
Units are sec*-*(+ standard deviation).
b l-Butanethiol.
cGalvinoxyl.

43

-7

-9

-11

-1 3

2.8

3.0

3.2

1/T (xlO? K'1)

Figure 9. An Arrhenius plot for the thermal decomposition of 7 mM
ABO in the presence of 9 mM 1 -butanethiol. The slope of the line
equals -Ea/R where R - 1.987 cal mol'-^K'^ and the intercept is In A.
Data are from Table IV.
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Figure 10. A plot of log(AB0 NMR signal 3 intensity) vs. time for
the thermal decomposition of 0.4 M ABO at 37°C with 0.2 M BHT.
a5.70 ppm corresponds to the methine proton of the ozonide ring; a
similar plot was obtained using the signal of one of the two ozonide
ring methylene protons (5.12 ppm).
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Figure 11.
Plots of conjugated diene (C.D.) concentration vs. time
for the ABO-initiated autoxidation of 18:2ME at 37°C.
A, 837 mM
ABO, 2.6 M 18:2ME; B, 272 mM ABO, 2.9 M 18:2ME; C, 6 8 mM ABO, 3.0 M
18:2ME; D, 17 mM ABO, 3.0 M 18:2ME; E, 3.0 M 18:2ME.
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Table V.

Kinetic data for the ABO-initiated
autoxidation of 18:2ME at 37°C.

Run

[ABO]
(mM)

[18:2ME]
(M)

+d[C.D.]/dt
(x 1 0 ^, Msec"^)a,k

1

837

2.64

9.3

2

272

2.90

5.4

3

265

2.90

5.8

4

223

2.92

5.2

5

98

2.99

3.2

6

68

2.99

3.6

7

17

3.01

2.0

ABO, allylbenzene ozonide; 18:2ME, methyl
linoleate.
aAll runs, except Run 4, were performed in the
closed vial apparatus. Run 4 was performed in
the oxygen-uptake apparatus.
^These rates were determined by least squares
analysis of plots of conjugated diene (C.D.)
with time.
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reactions are inhibited by addition of the radical
scavengers a - T
methylphenol

(Figure 12) or 2,6-di-tert-butyl-4-

(BHT)

(Figure 13).

formation (+d[C.D.]/dt) versus

A plot of rate of C.D.

[18: 2ME] [ A B O ] V 2 is linear

(Figure 14).
The ABO-initiated autoxidation of 18:2ME was also
studied by following oxygen-uptake; a typical trace showing
both an uninhibited and an a - T - inhibited reaction is
presented in Figure 15.

The kinetic data for these runs

are summarized in Table VI; a plot of rate
versus

(-d[02]/dt)

[18:2ME] [ABO]-1-/2 is linear (Figure 16).

The rate of

chain initiation, R^, was calculated from the length of the
induction period caused by known concentrations of a - T
BHT

129

.

or

. .
...
The average efficiency of initiation for ABO m

our system is 4.2 + 0.9%.

The final column of Table VI

gives experimentally determined oxidizabilities of 18:2ME
at 37°C,

i.e. kp/(2kt ) 1/ 2 ; an average value of (1.9 + 0.2)

x 10”2 M ”1/ 2sec” 1/ 2 is obtained.

3.6

3.6.1

INITIATION OF AUTOXIDATION OF 18:2ME BY A STANDARD
AZO-INITIATOR: 2,2'- A Z O B I S (2,4-DIMETHYLVALERONITRILE) (DMVN)
Closed-vial Apparatus
7.4

m M DMVN initiates the autoxidation of neat

18:2ME at 37°C under 760 torr O 2 , as expected
rate of appearance of C.D.
10” 6 M sec- 1 .

(+d[C.D.]/dt)

(Figure 17);

is (5.3 ± 0.3) x

This process is inhibited by the addition of
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Figure 12.
The ABO-initiated autoxidation of 18:2ME at 37°C.
At
time "X" (78 min), 10.0 /iL (0.07 mmoL) ABO were injected into 1.00
m L 18:2ME stirred at 37°C under 0 2 - At time - 163 min, 1.1 x 1 0 m
a - T were added; autoxidation was inhibited for a time period, r.
Pre-inhibited rate of autoxidation - (2.9 + 0.1) x 10'° M sec'-*-post-inhibited rate of autoxidation - (3.8 + 0.2) x 10'® M sec' .
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Figure 13. A plot of
for the ABO-initiated
shows inhibition with
(BHT) for a length of

conjugated diene (C.D.) concentration vs. time
autoxidation of 18:2ME at 37°C; this plot
3.8 x 10'^ M 2, 6 -di-ter t -butyl-4-methylphenol
time, r .
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Figure 14. A plot of d[C.D.]/dt vs. [1 8 :2 M E ] [ A B O ] V 2 for the A B 0 initiated autoxidation of 18:2ME at 37°C.
Data are from Table V.
The line shown was obtained by forced linear regression (confidence
level >99.9%).
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Figure 15. A plot of oxygen-uptake (-[O 2 ]) vs. time for the
autoxidation of 18:2ME initiated with 280 mM ABO (curve 1). Curve
shows inhibition with 2.5 x 10'^ M a-T for a period of time, r.

Table VI.

Kinetic data from the ABO-initiated autoxidation of 18:2ME at 37°C under 760 torr of 0 2 .

-d [O^ /dt

Ri
[a b o J
(x 10 /M)

[18:2ME]
(«)

(x 109/M sec"*)

ea

(x 10®/H sec"*)
measured
corrected0

oxidizability
(x 102/ M"1/2sec-1/ 2 )

KCLc

1.77

3.01

1.1 + 0.4

0.046

1.72

1.72

1600 + 600

1.72

7.03

2.99

3.0 + 0.6

0.032

2.86

2.88

1000 + 200

1.75

7.28

2.99

N.D.

5.21

---

28.3

2.90

14 + 4

7.35

7.43

89.3

2.66

N.D.

12.9

---

93.6

2.62

67 + 7

11.9

12.1

0.037

0.053

--500 + 100

2.14

200 + 20

1.75

18:2ME, methyl linoleate; ABO, allylbenzene ozonide; KCL, kinetic chain length; oxidizability, kp/(2kt )*^2 ;
N.D., not determined.
ae,Efficiency of chain initiation, Rj/2kd [ABO)

where kd (37°C) = (5.1 + 0.3) x 10~7 sec"*

(Section 4.4).

^Rate corrected for CO given off and 0 2 taken up by initiator and 0 2 given off by termination (Ref. 126);
Rates of oxygen uptake (-d[o2]/dt) were calculated from the observed changes in pressure
equation -d

[o2] /dt

(APq^) using the

= (APq^) (VHS)/RT(Vg)dt where V HS is the volume of the headspace above the reaction solution in

liters, R is the ideal gas constant (0.0826 1 atm mol-1 K ~ * ) , T is temperature in K, V s is the volume of the
reaction solution in liters, and dt is the time period over which the pressure change is observed (Ref. 126).
cKCL =

-d[02] / d t /Rj

ui
to
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Figure 16.
A plot of -d[0 2 ]/dt vs. [18:2 M E ] [ A B O ] for the ABOinitiated autoxidation of 1 8 : 2 M E at 37°C.
Data are from Table VI.
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Figure 17.
The DMVN-initiated autoxidation of 18:2ME at 37°C in the
closed vial apparatus; a plot of conjugated diene (C.D.)
concentration vs. time. This plot shows inhibition with 23 M a-T
for a time period, t .

y

55

23 fiK a - T
VII

(Figure 17); these data are presented in Table

(Run 1).
5.9 m M DMVN initiates the autoxidation of 1.5 M 18:2ME

in hexadecane at 37°C under 760 torr Og, as expected; the
rate of appearance of C.D.
10“6 M sec- 1 .
additions

is (2.4 + 0.1) x

This process is inhibited by sequential

(7.0, 3.0, and 5.0 pL)

are presented in Table VII

3.6.2

(+d[C.D.]/dt)

of 2.1 mM a - T ;

these data

(Runs 2-4).

Miniature Bubbler Apparatus
6.0 mM DMVN initiates the autoxidation of neat

18:2ME at 37°C; tank air was continuously bubbled through
this solution at 110 m L m i n ” 1 , as expected
The rate of appearance of C.D.

(+d[C.D.]/dt)

conditions is (4.4 + 0.2) x 10” 6 M sec” 1 .
inhibited by sequential additions
mM a - T

This process is

(5.0 and 3.0 n L) of 4.3

A run in which tank air was replaced with

tank O 2 is also included in Table VII

3.7.1

under these

(Figure 18); these data are presented in Table VII

(Runs 5 and 6).

3.7

(Figure 18).

(Run 7).

INITIATION OF AUTOXIDATION OF 18:2ME BY OZONIDES OF
18:2ME OR 18:1ME.
18:1ME Ozonide
240 mM 18;1ME ozonide initiates the autoxidation of

18:2ME at 37°C under 760 torr O 2

(Figure 19); the rate of

appearance of C.D.

is (9.3 + 0.3) x 10“7 M

sec” 1 .

(+d[C.D.]/dt)

After about 5 hours,

18 /iL of the crude

Table VII.

Run

Kinetic data from the DMVN-initiated autoxidation of 18:2ME at 37°C.

Apparatus

[18:2 ME]
(M)

[DMVN]
(mM)

+d[C.D,)/dt
(x 10«
Msec- 1 )a

[alpha-T]
(UM)

Induction Period,
'Y (sec)b

efficiency of
initiation (e)

Ri B
(x 10®,
Msec A )

oxidizabilitye
M

10 Li/,
6ec 1/2)

'

1

Closed-vial
(under Oj)

3.02
(neat)

7.4

5.3 + 0 . 3

23

2940

1.6

0.44

1.4

2

CloBed-vial
(under 0 2 )

1.5*

5.9

2.4 + 0.1

14

2520

1.1

0.40

1.6

3

m

■

■

II

6.4

1440

.89

0.31

1.8

4

m

II

K

■

1.1

2220

.99

0.35

1.7

3.02
(neat)

6.0

4.4 + 0.2

22

4740

.93

0.32

1.5

•

■

■

14

3240

.88

0.30

1.6

6.2

4.5 + 0.2

21

4740

.88

0.29

1.6

5

Bubbler
(air at 110
mL min-1)
II

6
7

Bubbler
(0, at 110
mL mi n- 1 )

II

DMVN, 2,2'-Azobis(2,4-dimethyl-valeronitrile); 18:2ME, methyl linoleatej C.D., conjugated diene; alpha-T, a - t o c o p h e r o l .
aRate of appearance of C.D.
method

'’the length of time autoxidation iE inhibited, see Figure 17.

(Ref. 129) where R^ * n [ a l p ha-T]/r.

ekp/ ( 2 k t )l/2 m {+d[C.D.]/dt]/[18:2ME]R^^/^

^e = R^/nkd [DMVN] where n = 2 and kd (37°C)
(from Equation 22, Section 4.1.1).

c calculated by the induction period

for D MVN = 2.43 X 10-2 sec-1

*in hexadecane.

(Ref. 1).
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Figure 18.
The DMVN-initiated autoxidation of 18:2ME at 37°C in the
bubbler apparatus; a plot of conjugated diene (C.D.) concentration
vs. time.
Line A: 6.0 mM DMVN in 1.00 mL 18:2ME showing the effect
of sequential additions of 5.0 and 3.0 /iL 4.3 mM a-T; Line B: 1.00
mL 18:2ME in same apparatus with no DMVN.
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Figure 19.
The 18:1ME ozonide-initiated autoxidation of 18:2ME at
37°C: conjugated diene (C.D.) concentration vs. time.
At time X
(287 min), 18 /iL of crude 18:lME/ozone reaction mixture were
injected.
The rate of autoxidation before time X is 9.3 x 1 0 M
sec‘1 and the rate of autoxidation after time X is 1.8 x 1 0 ‘® M
-1 .
sec
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18:lME/ozone reaction mixture,

from which the 18:1ME

ozonide had been isolated, were injected into the
autoxidizing 18:2ME.
(+d[C.D.]/dt)

The rate of appearance of C.D.

increased to

(1.8 ± 0.1) x 10-6 M sec-1

(Figure 19).

3.7.2

18:2ME Ozonide
150 mM 18:2ME ozonide initiates the autoxidation of

18:2ME at 37°C under 769 torr O 2

(Figure 20).

As can be

seen from Figure 20, an initial "burst",

followed by a

slower and more regular increase in C.D.

is observed; the

rate of autoxidation for the second phase is (2.9 + 0.1) x
10-6 M sec- 1 .
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Figure 20.
The 18:2ME ozonide-initiated autoxidation of 18:2ME at
37°C: conjugated diene (C.D.) concentration vs. time.

DISCUSSION - PART I

4.1
4.1.1

AUTOXIDATION
General Kinetic Treatment
Autoxidation involves a free radical chain; under

sufficient oxygen pressure

(>100 torr)

in homogeneous

solution this chain can be represented by equations 17-

Initiation: Production of initiator radicals, I n 1 (Rate = RjJ
In-

+

R H ......... >

InH

+

R-

(17)
(18)

ko
Propagation: R- + O

2

>

R00-

(19)

>

ROOH + R-

(20)

fast

kp
R00- + R H

2kt
Termination: 2 R00-

>

non-radical products + O 2

RH represents the oxidizable substrate

(here,

(21)

18:2ME) and

R* represents the resonance-stabilized carbon-centered
radical derived from R H by H-atom abstraction

(Figure 3).

Under steady-state conditions, the rate law for
autoxidation is expressed by equation 22, where kp and k^
are rate constants for the rate-controlling chain

Rate -

{kp/(2kt )1 /2}[RH]RiV 2

61

(22)

62
propagation

(Equation 20) and chain termination

21) steps, respectively,
initiation

40 41
' .

and Rj[ is the rate of chain

n/o.
The term kp/(2k-t) '
is the oxidizability

of the organic substrate

43

Equation 23 relates

Ri

initiator,

(Equation

=

to the concentration of

nek^tln]

(23)

In, where n is the number of radicals produced

per initiator molecule

(assumed to be 2), e is the

efficiency of free radical production,

and k^ is the rate

constant for thermal decomposition of initiator

43

.

Note

that Ri is governed by the efficiency at which initiator
radicals escape the solvent cage (in which they are formed)
to initiate Equation 18; e is usually less than unity and
generally depends

43 130 131
on solvent viscosity
' '

is

generally measured using the standard induction method

129

in which a known concentration of phenolic antioxidant,
ArOH,

is added to

the system and the length

of time, t , is

measured during which autoxidation is inhibited. Equation
24 relates

t

to Rj[,

Ri -

n [ArOHJ/r

(24)

where n is the number of radicals intercepted by the chainbreaking antioxidant.

The values of n for a-T and BHT are

63

exactly 2

132

Substituting Equation 23 into Equation 22 gives the
following relationship

Rate -

(equation 25);

(kp / ( 2 k t ) 1 / 2 } [ R H ] { n e k d [Iti]}1 / 2

(25)

this equation predicts that a plot of Rate versus
[InjVZfRH]

4.1.2

should be linear.

Our approach
Autoxidation studies are usually designed to obtain

oxidizability data on substrates susceptible to
autoxidation or to investigate effectiveness of potential
antioxidants

40 41
' .

In these studies,

rates of initiation

are controlled by using initiators that decompose to
radicals at known and constant rates.

We have reversed

this technique and have studied the autoxidation of a
substrate of known oxidizability (18:2ME)
characterize ABO as an initiator.

in order to

To do this,

it is

important to establish that the rate of chain initiation,
Ri,

is constant and the system obeys the usual kinetic rate

law (Equation 22).

4.2

INITIATION OF AUTOXIDATION OF 18:2ME BY CRUDE
ALLYLBENZENE/OZONE REACTION MIXTURES
The results of initial experiments with crude

allylbenzene/ozone reaction mixtures are consistent with

64
earlier results in our group with ozonated 1,4pentadiene

123

.

In that work,

1,4-pentadiene was employed

as a simple PUFA model; crude 1,4-pentadiene/ozone reaction
mixtures accelerated the autoxidation of 1,4-pentadiene
stirred under O 2 at room temperature.

Little or no

quantitative data were obtained so that comparisons between
the 1,4-pentadiene/ozone system and our system are
difficult.
Our results with freshly prepared crude
allylbenzene/ozone reaction mixtures

(Figure 5) suggest

that at least two types of initiators are involved.

While

we did not pursue the identification of the compound(s)
responsible for the initial short "burst" of autoxidation,
this

(these) compound(s)

appear to be intermediate in

stability between the "hot" trioxidic compounds postulated
earlier

96 97
'
and the compound(s)

responsible for the

slower, more regular initiation.
If standard autoxidation kinetics are followed,
if Equation 22 is obeyed,

i.e.

increasing the initiator

concentration two-fold should result in an increase in the
rate of autoxidation by a factor of 1.4

(20, 5 ).

The ratio

of rates of the 20 /iL-initiated sample to the 10 p Linitiated sample is (4.2 + 0.l)/(3.2 ± 0.1) or 1.3 ± 0.1;
this is in reasonable agreement with the ratio predicted by
standard autoxidation kinetics.
As a first step in identifying the compound(s)

65

responsible for the observed initiation, the entire crude
mixture was eluted on silica gel and re-tested for
initiation.

It was shown that the silica gel-treated crude

allylbenzene/ozone reaction mixture initiated the
autoxidation of 18:2ME as effectively as the untreated
crude mixture
compound(s)

(Table V I I I ) .

This result showed that the

responsible for the observed initiation could

survive a chromatographic separation on silica gel.
treatment, however, destroyed the initiators(s)
for the initial "burst"

This

responsible

(Figure 5).

It is also important to note that the crude
allylbenzene/ozone reaction mixture-initiated autoxidations
were inhibited with a chain-breaking antioxidant

(a-T;

Figure 6); this gives additional support for a free radical
chain autoxidation.

4.3

THE REACTION OF OZONE AN D ALLYLBENZENE AT -78°C:
QUANTITATION OF ABO YIELD
When allylbenzene is ozonated at -78°C in n-hexane,

ABO is formed in ca. 80% yield

(Table I I I ) .

Furthermore,

it was shown that the yield of ABO is independent of
percent allylbenzene conversion:

an 80% yield of ABO was

obtained for both 61 and 29% conversion reactions.
Finally, percent conversions based on "reacted
allylbenzene" and "ozone introduced" agree within
experimental error.

This suggests that most,

if not all,

ozone reacts with allylbenzene and that secondary reactions

66

Table VIII.
The effect of silica gel on the crude
allylbenzene/ozone reaction mixture.

d[C.D.]/dt (x 10^, M sec"'*-)

Volume (/xL) of crude
allylbenzene/ozone
reaction mixture added
to 18:2ME

Silica gel treated

Untreated

10.0

3.1 +

0.1

3.2 ± 0.1

20.0

4.2 +

0.1

4.2 + 0.1

C.D., conjugated diene.
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between ozone and products play a minor role under these
conditions.

4.4

KINETICS OF THE THERMAL DECOMPOSITION OF ABO
Rate constants, k^,

for the thermal decomposition af

ABO are collected in Table IV.

Our activation parameters

of Ea = 28.2 + 0.3 kcal m o l -1 and log A = 13.6 + 0.2 are
similar to activation parameters obtained by others in the
gas phase for the ozonides of ethylene and propene
27.5,

25.7 kcal m o l ” 1 and log A = 13.6,

respectively)

133

.

(Ea =

11.6,

These parameters are consistent with

initial homolysis of the ozonide peroxide bond to yield a
diradical

134

(Equation 2 6);

a more detailed study of the mechanism of ABO decomposition
is presented in Part II

(see pg. 139).

A rate constant for ABO decomposition at 37°C was
obtained using the HPLC method (k<j(37°C) = (6.1 + 0.1) x
10"7 sec” 1 ) .
measurement,

Since this value is the result of only one
the preferred kd(37°C) value is that

calculated using the Arrhenius activation parameters given
above.

Thus, ka(37°C)

is calculated to be

(5.1 + 0.3) x

10"7 sec”1 and the half-life at 37°C is 16 + 1 days.

Initial attempts to measure the rate of ABO
decomposition by ^-H NMR at 37°C were unsuccessful.
the conditions employed (0.4 M ABO,

0.2 M BHT,

Under

in benzene-

d g ) , a plot of log(ABO NMR signal intensity) vs. time is
non-linear (Figure 10).

If the curvature is ignored, a

least squares analysis of these data gives a k(j(370C) of
(1.03 ± 0.03) x 10”6 sec” 1 (R2 = 0.959) which is about a
factor of two greater than the k(j(370C) obtained by the
HPLC method.

We suggest that ABO decomposes under these

conditions with an overall rate order greater than one.

4.5

THE ABO-INITIATED AUTOXIDATION OF 18:2ME

4.5.1

The Observation
Figure 11 shows that ABO initiates the autoxidation

of 18:2ME at 37°C at rates greater than that observed for
oxygen.

This observation appears to contradict earlier

findings by Pryor et al.

93

that show methyl oleate

(18:1ME)

ozonide does not initiate the autoxidation of 18:2ME.
Their conclusion is based on experiments performed at 25°C
and using thin layer chromatography (TLC) as the method of
hydroperoxide detection

93

.

The present study utilizes more

sensitive techniques for detecting autoxidation, as well as
an elevated temperature

(37°C).

We have shown that 18:1ME

ozonide initiates the autoxidation of 18:2ME at 37°C (see
Section 3.7.1) .
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4.5.2

Kinetics of the ABO-initiated Autoxidation of
18;2ME

4.5.2.1

Conjugated diene experiments.
Figure 14 shows a linear relationship between rate

of autoxidation (+d[C.D.]/dt)

and [18:2 M E ] [ A B O ] V 2 ; this

linearity is predicted by equation 25 and supports the
standard radical chain mechanism of autoxidation.

Our data

also show that the formation of conjugated diene is linear
over the time course studied (Figure 11); this implies that
Ri is constant.
a-Tocopherol inhibits the ABO-initiated autoxidation
of 18:2ME (Figure 12), however, the post-inhibited rate
exceeded the pre-inhibited rate by ca. 23%.

The reason for

this is unclear and was not pursued further.

Inhibition
n

p

with BHT, while clearly less dramatic than a-T

, proceeds

smoothly; pre- and post-inhibited rates agree within
experimental uncertainty

4.5.2.2

(Figure 13) .

Oxygen-uptake experiments.
A more detailed study of the ABO-initiated

autoxidation of 18:2ME was performed by following oxygenuptake.

In agreement with results obtained in the C.D.

experiments,
versus

a plot of rate of autoxidation (-d[ 0

2

]/dt)

[18;2 M E ] [ A B O ] V 2 is linear (Figure 16) as expected

for standard autoxidation kinetics.
standard induction method
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We have used the

to measure R^ for various

concentrations of ABO; these results are listed in Table

70

VI.

Uncertainties in R-[ are random within a run and range

from 10 to 36%; we believe, therefore, that for a given
concentration of ABO, R^ is constant.
By solving the general rate law (equation 22)

for

kp/(2kt)-1-/2 , the oxidizability of 18:2ME can be calculated
using values of [18:2ME] and Ri found in Table VI.

Our

average value of (1.9 + 0.2) X 10”2 M - ^-/2 sec” -*-/2 is in good
agreement with the literature value of 2.03 X 10“2 M ” 1/ 2
sec” 1/ 2 1.
Equation 23 can be solved for e, the efficiency of
chain initiation; an average value of 4.2 + 0.9% is found
for ABO in our system (Table V I ) .

We attribute a low

efficiency of free radical production to the relatively
viscous medium (18:2ME) that leads to high yields of cage
radical combination

130

.

Previous studies m

our group,

using the azo compound 2,2'-azobis(2,4-dimethylvaleronitrile)(DMVN)

as an initiator,

show that increasing

the concentration of 18:2ME from 0.20 to 1.9 M results in a
decrease in e from 1.0 to 0.76, respectively1 .

We have

determined the efficiency of initiation for DMVN in 3.0 M
18:2ME to be 0.33

(Table VII).

These results with DMVN

show that lower efficiencies of initiation are obtained as
the 18:2ME becomes more concentrated and the medium becomes
more viscous, as expected.
The kinetic chain length (KCL), the number of
substrate molecules oxidized per initiator radical,

can be
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obtained from equation 27

42

.

.
.
.
Long kinetic chains,

ranging

KCL = {d[02 ]/dt}/Ri

(27)

from 200 to 1600, are obtained with the longest chains
being observed at low ABO concentrations,

as expected from

equation 27.

4.6

INITIATION OF AUTOXIDATION OF 18:2ME BY A STANDARD
AZ O —INITIATOR: 2,2'- A Z O B I S (2,4-DIMETHYL-VALERONITRILE)(DMVN)
Table VII lists the kinetic data obtained for the

DMVN-initiated autoxidation of 18:2ME at 37°C.
of these experiments was three-fold.

The purpose

First, we wished to

determine the efficiency of initiation, e, of a standard
azo-initiator in neat 18:2ME.

An average value of 0.33 was

found and this was compared to values obtained by others1
(see Section 4.5.2.2).

Second, we wished to evaluate any

potential differences between "stirring under O 2 " and
"vigorous O 2 bubbling" protocols on the rate of
autoxidation,

i.e. is the diffusion of O 2 into the

autoxidizing medium rate limiting?

After correcting for

differences in 18:2ME concentration

(a factor of 2), rates

obtained in Runs 2 - 4

(Table V I I ) , using the stirred

closed vial apparatus,

are similar to those of Runs 5 - 6

(Table VII)
employed.

in which vigorous bubbling of O 2 or air was
On the basis of this result, we believe that O 2
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diffusion into the autoxidizing 18:2ME is not rate limiting
in the closed vial apparatus.

Finally, we used DMVN to

determine an oxidizability for 18:2ME at 37°C using C.D.
measurements.

An average value of (1.6 ± 0 . 2 )

x 10“2 M ”

i/2sec” 1/ 2 was obtained; this is in reasonable agreement
with the literature value of 2.02 x 10"2 M “ 1/ 2 sec"1/ 2 1 .

4.7

PRELIMINARY AUTOXIDATION STUDIES WITH 18:1ME and
18:2ME OZONIDES

4.7.1

Initiation of Autoxidation
As seen in Figure 19, 18:1ME ozonide initiates the

autoxidation of 18:2ME at 37°C.

It is important to note

that 18 uli of the crude 18:lME/ozone reaction mixture
which the pure 18:1ME ozonide was isolated)
fold increase in the rate of autoxidation

(from

caused a two

(Figure 19).

The

general rate law (Equation 22) predicts that a two-fold
increase in rate would require a four-fold increase in the
concentration of initiator; this would require 396 n h of
pure 18:1ME ozonide.

Clearly,

18 ;tL of crude 18:lME/ozone

reaction mixture does not contain 396 n h of 18:1ME ozonide.
These results indicate that there are additional, more
potent initiator(s)
mixture.

in the crude 18:1ME/ ozone reaction

We did not pursue the identification of these

unknown initiator(s)

further.

Figure 20 shows the effect of 18:2ME ozonide on 18:2ME
stirred under O 2 at 37°C.

The initial "burst" indicates an

"initiator active" impurity; this is surprising in view of

the isolation procedure for 18:2ME ozonide

(page x x v i ) .

The impurity is probably present in trace quantities since
(1) our analytical data are consistent with the 18:2ME
ozonide and

(2) the initial "burst" accounts for only 60 of

the approx.

580 min.

studied.

We ascribe the second, more

regular,

initiation phase

(Figure 20) to the ozonide of

18:2ME.

No further work towards identifying the impurity

responsible for the initial "burst" was attempted.

4.7.2

Comparison of 18:1ME and 18;2ME Ozonides to ABO
as Initiators of Autoxidation
Table IX compares rate data obtained for 98 mM ABO

with that obtained for 18:1ME and 18:2ME ozonides.

If

18:2ME ozonide initiates as effectively and decomposes with
the same rate constant as ABO, then the general rate law
predicts an initiated rate of autoxidation of 3.9 x 10“ 6 M
sec-1 for 147 m M 18:2ME ozonide.

Our observed rate of 2.9

x 10“6 M sec-1 is in fair agreement with this prediction.
More of a discrepancy is apparent with 18:1ME ozonide; our
observed rate of initiated autoxidation of 9.3 x 10-7 M
sec-1 is about 8-fold lower than the predicted value of 5.0
x 10”6 M sec” 1 .

These results indicate, as might be

expected from its structure, that ABO is a reasonable model
for

18:2ME ozonide, but less satisfactory for 18:1ME

ozonide.
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Table IX.

A comparison of 18:1ME and 18:2ME ozonides to ABO as
initiators of autoxidation of 18:2ME at 37°C.

Ozonide

ABO

Ozonide
(mM)

98

Predicted Ratesa,b

Observed Rates '3

(x 10^/M sec'-*-)

(x 10^/M sec"-'-)

—

3.2

18:1ME

239

5.0

0.93

18:2ME

147

3.9

2.9

18:1ME, methyl oleate; 18:2ME, methyl linoleate; ABO, allylbenzene
ozonide; C . D . , conjugated diene.
aThis is the rate predicted by equation 22 for this concentration of
ABO.
b +d[C.D.]/dt.
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4.8

OZONIDES AS A CONTRIBUTOR TO INITIATING ACTIVITY IN
OZONE-INDUCED AUTOXIDATION OF 18:2ME
Previous work from our group has shown that ozone
93

initiates the autoxidation of 18:2ME in vitro

.

We have

also used an ESR spin-trapping method to show that ozone
reacts with olefins,

including 18:2ME at -78°C to form

intermediates that decompose to give radicals starting at
_ 96 97
about — 30°C
'
.

The yield of radicals from these

intermediates has not been firmly established, but we have
estimated yields between 0.01 and 10%

96—99

.

It has been

suggested that at least a portion of these labile, radicalproducing intermediates are hydrotrioxides, R-O-O-O-H

98 99
'

The present study shows that ABO, a model PUFA
ozonide,

as well as the ozonide of 18:2ME initiate the

autoxidation of PUFA at 37°C.

These PUFA-type Criegee

ozonides may account for the majority of products obtained
when PUFA in lipid bilayers are ozonized, especially in an
aprotic medium such as a lipid bilayer.
Thus, at least two types of initiators are formed when
ozone reacts with PUFA, as shown in Figure 21.

The first

type is thermally very labile (such as a hydrotrioxide)

and

is formed in small yield; the other is the Criegee ozonide
which forms radicals more slowly, but which is produced in
higher yield.

Radicals capable of initiating PUFA

autoxidation arise from both these routes, but it is
difficult to calculate the relative contributions of the
two routes.
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j

m g j°r *■ C rie g e e o z o n id e --------------- Free radicals
Initiation of
PUFA autoxidation

PUFA + 0 3
\

Figure 21.

m inor

Labile in term ed iates —
(including ROOOH)

Fr ee radicals

The reaction of ozone with PUFA to give free radicals.

In addition it should be noted that ozonation to give
ozonides can lead to two types of damage to lipid bilayers.
The first is the cleavage of the unsaturated fatty acid
molecule by production of the ozonide.

The second is the

decomposition of this ozonide to produce radicals that
initiate the chain autoxidation of other, non-ozonated PUFA
molecules in the bilayer, thus producing a cascade of
damage.

4 .9

SUMMARY
We have shown that ABO, a model PUFA ozonide,

initiates the autoxidation of 18:2ME and that the usual
kinetic rate law for autoxidation is obeyed.

Arrhenius

activation parameters for the the thermal decomposition of
ABO were found to be E a = 28.2 + 0.3 kcal mo l - 1 and log A =
13.6 + 0.2,

from which a rate constant for decomposition at

37°C can be calculated as (5.1 ± 0 . 3 )

x 10 " 7 sec” 1 .

Our

study also shows that 18:2ME ozonide initiates the
autoxidation of 18:2ME about as effectively as ABO.

We

suggest that radicals from the thermal decomposition of
Criegee ozonides may be a contributing pathway to the
overall production of free radicals when PUFA react with
ozone.

These reactions could be important in the

initiation of the autoxidation of pulmonary lipids when
7 11
ozone contained in smoggy air is breathed '

INTRODUCTION - PART II

5.1

EARLY STUDIES OF OZONIDE DECOMPOSITION
Bernatek and Hvatum

X3 6

studied the thermal decompo

sition of 1 - 3 in hydrocarbon solvents from 70 - 100°C.

1:

R x - CH 3 COO

R2 - H

R3 —

CH 3 R 4

- C0 2 CH 3

2:

Rx = CH 3 C00

R2 « H

R3 -

CH 3 R 4

- C0 2 CH 2 CH 3

3:

Rx - CH 3 C00

R2 - H

R3 -

CH 3 R 4

- C0 2 CH 2 CH 2 CH 3

They found that decomposition was first order over the
first half of the reaction and determined activation
energies for 1, 2, and 3 to be 28.2,
m o l ” 1 , respectively.

28.7, and 28.8 kcal

Bernatek and Hvatum postulated that

decomposition occurs by homolytic cleavage of the ozonide
peroxide bond to yield an oxy-diradical, 4 (Equation 1).

(!)

78

79

Nickell and Privett

137 138
'
also postulated homolytic

cleavage of the ozonide peroxide bond to explain products
obtained from the pyrolyses of ozonides of methyl oleate
and other PUFA esters.
work of others

139-142

Their work is consistent with the
that showed aldehydes,

acids and hydrocarbons,

carboxyl i c

such as octane, to be among the

principle products obtained from the pyrolyses of various
PUFA esters.
Greiner and Muller

143

postulated radical intermediates

in the thermal decomposition of
ozonides

(5 and

6

1

-octene and

, respectively).

These

/°\
ch 3 (ch2 )5 CH
0—

/°\

'ch2

ch 3 (ch2 )9ch

0

0—

I

1 -dodecene

ck2

0

6

decompositions were carried out in the absence of solvents
at about 75°C; saturated and unsaturated hydrocarbons,
having one less carbon than the major aldehyde product,
were formed in 10-15 percent yield.
thermal decomposition of

1

For example, the

-dodecene ozonide yielded

eicosane, this could have been formed only by a radical
mechanism

143

.

Greiner and Muller proposed the following

reactions to rationalize the formation of hydrocarbons
(Equations 2-5).
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P,

R-

RCH 2 CH2CHO

.....>

-CO

rch 2 ch 2 c-

>

RCH 2 CH2 -

(2)

7

DU
.......— ....... >
7 —

rch 2 ch2 •
.................... >
........ >

Story et al.

144

145

'

RCH 2 CH 3

+

R-

(3)

rch 2 ch 2 ch 2 ch2r

(4)

rgh=gh 2

+

(5)

RH

studied the thermal and photolytic

decomposition of diisopropylethylene and cyclopentene
ozonides,

8

and 9, respectively,

in heptane at

CH-CH

9

8

100° and 180°C.

Table I lists the products and yields

obtained from the thermal and photochemical decomposition
of diisopropylethylene ozonide.

On the basis of these

product data, Story et al. proposed that thermal
decomposition of

8

proceeds by initial ozonide peroxide

bond homolysis followed mainly by intramolecular hydrogen
atom abstraction, as shown below (path a)

hu or A
8

>

tip-C H (CH 3 )2

(CH3 )2 HC-CH
D-

-0
10

(6 )

Table I .

Products and yields obtained from the thermal and
photochemical decomposition of diisopropylethylene
ozonide in heptanea .
Yield (mole %)
100°C (12 h)

hu

24b

35

3

33

(CH 3 )2chcho

77

14

(CH3 )2 CHC02H

62

7

co 2

0

14

CO

5

41

Product
CH 3 CH 2 CH 3
(CH 3 )2 CHCH(CH 3 )2

h c o 2h

22

aFrom Reference 144.
^Assuming two moles of propane per mole of ozonide.

43

82

--->
najor

(CH 3 ) 2 HC-Clf" NC-CH(CH 3 ) 2
'0H ft

(7 )

---> (CH 3 )2 CH-C02H +
(CH3 )2CHCHO

h3 cx
10

>
minor

/CH3
/°N
CH
--> (CH3 )2 CHCH(CH 3 ) 2 + CO + C0 2
fiH

HC- Hf?
0
H 3C

(8 )

'ch3

0

+ h c o 2h

c

>

H3^

„

HC-CH

minor

■
0,
\

'OH

h 3 c^

ch 3

•CVH

§H

->

HC-CHO + HC02H + CH 3 CH 2 CH 3
h 3 c'

ch 3

(9)

On the other hand, products from the photochemical-induced
decomposition

(Table I) arise predominantly from single or

double /9-scission of 10

(paths b and c).

Table II lists the products and yields obtained from
the thermal and photochemical decomposition of cyclopentene
ozonide.

The similarity in product distributions for the

two methods led Story et al. to postulate that,
to

8

in contrast

, 9 decomposes by single and double /3-scission of the

initial oxy-diradical

hu or A

(1 1 ), as shown below

P'

HC

'° »

'CT

h 2 cx

CH
I

x ch 2
'CH2
11

(10)

Table II.

Products and yields obtained from the thermal and
photochemical decomposition of cyclopentene
ozonide3 .
Yield (mole %)

Product

100°C
(50 h)

180°C
(15 min)

hu

CH 3 CH 2 CH 3

3

---

--

ch£^ch2

25

37

35

CH 3 (CH2 )2CHO

17

9

10

CH 3 (CH2 )2 C02H

23

14

14

1

3

18

co2

0

0

0

CO

38

43

50

h c o 2h

47

44

36

v

v

aFrom Reference 144.

84

,0H 9

■>

HC

(11)

<Z

cr '
H2c
.ch2
nch2
/CH2
-> CH2
fcH2
•H2C

+ CO + HC02H

(12)

> CH3 (CH2)2CHO + HC02H

(13)

.CH2'
ch2

c

,0H

,9

--> HC
I

CH2

RH

/0H

9

CH --- > HC
CT

CH

I

^CH2 ‘

CH2

^ • ch2

^

CH3
ch2

Pathways b and c are favored over pathway a presumably due
to the constraints of the cyclic system
Hull et al.

133

ethylene, propene,

144

studied the gas phase decomposition of
isobutene,

dimethylcyclopentene ozonides.

2

-butene,

and

1

,2 -

All decompositions were

found to be first order in ozonide over 2-3 half-lives;
activation parameters for each of these ozonides are
presented in Table III.

The activation energies and log

pre-exponential factors of the first four entries in Table
III are below the estimates of 30 kcal m o l ” 1 and 15,
respectively,
ozonide

146

.

for a unimolecular decomposition of an
To rationalize these results, Hull et al.

proposed that hydrogen atom transfer occurs simultaneously
with ozonide peroxide bond homolysis,

as

Table III.

Arrhenius activation parameters for the
decomposition of some ozonides in the gas phase3 .

Ozonide

Ea (kcal mol'l)

log A

Ethylene

27.5

13.60

Propene

25.7

11.55

2 -Methyl propene

23.8

9.55

2-Butene

23.4

8.9

1,2-Dimethylcyclopentene
aFrom Reference 133.

>36

>13.3
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shown below (Equation 14).

/°\

-CH
ch- R
vo-— o

1

/ u\

> [ R ■c...

R
CH-R v

(14)

Hcf

,2 -dimethylcyclopentene ozonide,

lacking abstractable a-

hydrogens, would not be expected to decompose via this
route; the observed higher activation parameters

(Ea = 36

kcal m o l - 1 and log A = 13) are consistent with this
prediction.

Instead, Hull et al. suggest that 1,2-

dimethylcyclopentene ozonide decomposes via a discrete
•
13 3
biradical intermediate, as shown below (Equation 15)

h

3Cn ,0-C>

CH3

H3cn ,°- - V

V f
H2c

xCH2
ch2

12

5.2
5.2.1

ELECTRON SPIN RESONANCE

CH3

(15)

'P'o/
h2c

ch2

^ch2
13

(ESR)

General
Free radicals possess unpaired electrons and, as a

consequence of their magnetic moment, are paramagnetic.
Electron spin resonance (ESR) makes uses of this
paramagnetism and is a useful spectroscopic tool for the
direct observation of free radicals

147

148

In the presence of an externally applied magnetic
field, H 0 , the energy of an unpaired electron is split into
two energy states: one state in which the electron spin is
aligned with the external field and the other in which the
electron spin is aligned against the magnetic field (Figure
1).

The energies of these levels are given by Equation

E = g/?H0 M s

(16)

where
g

@

= "g-factor", a proportionality constant
characteristic of the radical under
observation
= the Bohr magneton = 9.2732 x lO-^

H 0 = the external magnetic field,
M s = magnetic spin moment (+

1/2

erg gauss'^

in gauss (G)

)

The g-factor is a dimensionless constant that reflects
the chemical environment of an unpaired electron; the gfactor for many organic radicals is close to that of a free
electron (2.002319)

147

.

Transitions between energy levels can be induced by
electromagnetic radiation when the following resonance
condition is satisfied

A E - hu -= gy9H0 A M s

(17)

88

E

s~

0

Figure 1. An energy level diagram showing the energy of a "free
electron" in a magnetic field (from Reference 147).

89
where
h

— Planck's constant ■= 6.6262 x 1 0 " ^ erg-sec

v

>= the microwave frequency at resonance, in
gigahertz (GHz)

AMS - ± 1

Nuclei possessing a magnetic moment may interact with
the unpaired electron and cause further splitting of the
electron resonance signal

147

.

The energy of these

additional levels is given by Equation 18

E - g/3H0 M s

+

aih M s

(18)

where a^ is the hyperfine coupling constant and Mj is the
nuclear spin number of the coupled nucleus.

In general,

if

the nuclear spin is I, there will be 21 + 1 energy levels
for each value of M s
nuclear spin 1/2

147

(^-H,

.

19

F,

Therefore, a single nucleus of
1 3 C,

1 5 N,

or

31

P) will cause a

splitting of the ESR signal into two lines of equal
intensity.

Coupling of a nucleus with a nuclear spin of 1

(1 4 N) will cause a splitting into three lines of equal
intensity

5.2.2

147

Spin-trapping
A major disadvantage of ESR is that often times the

concentrations of free radicals do not build up to levels

90

suitable for ESR detection (>10 ~ 8 M ) .
trapping technique

The ESR spin

94 95 149 150
' '
'
makes use of either nitrone

or nitroso compounds that react with short lived radicals
to produce longer lived, resonance-stabilized nitroxide
radicals

(spin add u c t s ) .

These spin adducts can then build

up to appreciable levels that are suitable for ESR
detection.

The spin trapping reaction is shown below for

a-phenyl-N-tert-butyl nitrone
employed spin trap

(PBN),.10, a commonly

(Equation 19).

.. ©

.

§

15a

15b

:o: H
:o: H
(CH3)3C-N=CH-Ph + R- --> [ (CH3)3C-N-C-Ph <--> (CH3)3C-N-C-Ph ] (19)
®
“ R
<£ £
14

In this case, the ESR signal of 15 will be split into a
triplet due to the coupling of nitrogen (1 = 1 ) with the
unpaired electron

151

; this coupling is designated a^j.

Each

of these lines will be further split into doublets as a
result of the coupling with the adjacent hydrogen atom
(1 = 1 / 2 )

151

.
.
.
.
; this coupling is designated a H ( l ) •

In favorable cases the identity of R - , the radical
precursor to the spin adduct JL5, can be made from the
comparison of ESR hyperfine coupling constants
ESR hfsc obtained for authentic spin adducts

152

(hfsc) to
.

Often

times, however, the identity of the radical precursor is
reported in general terms,

i.e. alkyl, alkoxyl,

acyloxyl,

91

etc.

5.3

CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARIZATION
(CIDNP)
The method of chemically induced dynamic nuclear

polarization

(CIDNP) has been used to study radical

reactions in the presence of an externally applied magnetic
153-157
field
. The nuclear magnetic resonance (NMR) spectra
of products obtained from a radical reaction may show
enhanced absorption and/or emission signals; the generally
accepted theory that explains these experimental
observations is the radical pair-theory, first proposed by
K a p t e m and Oosterhoff

153

.
154
and independently by Closs

According to this theory, the normal equilibrium Boltzmann
distribution of nuclear spin states can be altered by a
neighboring radical center and leads to either an increase
in the population of the lower nuclear spin state

(+1 / 2 ) or

an increase in the population of the upper nuclear spin
state

(-1/2).

The mechanisms responsible for the nuclear

spin polarization have been reviewed in detail by
others

15 5 15 8 161
'

.

In general, nuclear spin polarization

depends on the degree of singlet-triplet mixing in the
o
radical pair; at sufficient distances (ca. 10 A ), where
the electron-electron exchange interactions are near zero,
nuclear hyperfine (aj[) interactions influence the rate of
singlet-triplet mixing.

Differences in g-values between

the radicals in the pair also influence the rate of

92

singlet-triplet mixing.

The basic premise of the radical-

pair theory, therefore,

is that the electron spin state is

nuclear spin state dependent.
Kaptein has worked out qualitative rules for
predicting CIDNP effects on an NMR absorption signal
The "net effect"

rn,

16 2

(i.e. enhanced absorption or emission),

is given by Equation 20.

T n = neAgai

where

(20)

H

{ + for a radical pair formed from a triplet precursor
- for a radical pair formed from a singlet precursor

e { + for products of recombination within the original cage
- for products from radicals that escape the cage

If

rn

Ag

the sign of the difference in g value (g^ - g) where g^
is the g value of the radical containing the nucleus
giving the portion of the spectrum under observation, g
is the g value of the other radical.

a£

The sign of the coupling constant between the electron
and the proton giving rise to the portion of the spectrum
under observation.
The sign is negative for -C-H and
positive for ’C-C-H.

is positive, an enhanced NMR absorption signal should

be observed and if

rn

is negative, an emission signal

should be observed1 6 2 .
An example to which these rules can be applied is the
thermal decomposition of acetyl trichloroacetyl peroxide,
1 6 , in carbon tetrachloride containing iodine

155

93

R

R

_co2

CH3C-00-CCCl3 ----2->

—

g —

CH3 - -CC13

16

I2

>

CH3CC13

(21)

11

V
c h 3i

During the thermal decomposition of .16, the -^H NMR signal
of 1,1,1-trichloroethane,

17/ exhibits emission and the 1H

NMR signal corresponding to iodomethane exhibits an
enhanced absorption.
To apply Kaptein's rule to the product 1,1,1trichloroethane,

17, it is from a singlet precursor,

so n

is negative; Ag is negative since the g-value for the
methyl radical is less than the g-value for the
trichloromethyl radical
constant,

; the hyperfine coupling

a, is negative for *C-H.

emission signal, so rn is negative.

This product shows an
Thus, Kaptein's rule

predict that 17 is a cage product since e must be positive
to satisfy Equation 20.

The application of K a p t e i n ’s rule

to the product iodomethane,

as well as an observed enhanced

absorption signal, correctly predicts that iodomethane is a
scavenged product
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EXPERIMENTAL PROCEDURES - PART II

6

.1

6.1.1
6

PRODUCT STUDIES
Product Quantitation

.1.1.1 Decomposition of ABO at 98 + 1°C.
Quantitative analyses of products obtained from the

thermal decomposition of ABO were typically carried out as
follows.
nmol)

Into a 2 m L ampoule were weighed 0.0113 g

(68

ABO; 1.00 mL of solvent was then added and this

solution was sealed at -78°C under N 2 purge.

After heating

to 98 + 1°C for 1.5 h, the contents of the ampoule were
quantitatively transferred to a 10.00 m L volumetric flask
containing a known amount of chlorobenzene
nmol)

and diluted to 10.00 mL with 10%

in n-hexane.

(usually 13

(v/v) diethyl ether

Triplicate analyses by capillary gas

chromatography were then performed.

A typical temperature

program consisted of a 4 min hold at 40°C followed by a
12°C m i n ” 1 ramp to 280°C.

Peak areas were converted to

molar units using response factors relative to
chlorobenzene; these were determined in all cases using
authentic samples.

Formic acid was quantitated by titration

with standard NaOH using phenolphthalein as an indicator.

6.1.1.1a

Headspace analysis for CO and CO 2
A separate set of experiments were conducted in

which

68

/imol ABO in 1.00 mL CDCI 3 were sealed under He in
94

95

an ampoule equipped with a break-seal connection.

After

heating to 98 + 1°C for 1.5 h, the headspace above the
reaction mixture was analyzed by g.c.

6

.1.1.2

Decomposition of ABO at 37 + 1°C.
A separate set of experiments were conducted in a

manner identical to that described above with the following
exceptions:

(a) 0.0057 g (34 *mol) ABO were dissolved in

0.5 m L of solvent
at 37°C for

86

(b) the decompositions were carried out

days and

(c) formic acid was not

quantitated.

6

.1.1.3

Decomposition of ABO at 98 + 1°C in the presence
of 1 -butanethiol.
A set of experiments were conducted in a manner

identical to that described in Section

6

.1.1.1 with the

following exception: to each of three ampoules containing
0.0113 g (68.1 /imol) ABO in 1.00 m L CDCI 3 were added 7.0 nl>
(6.5 /xmol) , 11 |iL (10 /*mol) , or 23 juL (22 /imol) of 1—
bu t a n e t h i o l .

6.1.2

Product Identification
All products, except formic acid and formaldehyde,

were isolated from fully decomposed ABO/ C D C I 3 reaction
mixtures by semi-preparative HPLC and characterized by
UV/VIS,

IR, %

and 13C NMR, and GC-MS.

These analytical

data were compared to analytical data obtained for

96

authentic samples; formic acid and formaldehyde were
assigned on the basis of 1H NMR alone.

CO was assigned by

comparing g.c. retention times of peaks obtained from
headspace analysis with retention times of an authentic
sample of CO under identical g.c. conditions.

6.2

KINETICS OF THE THERMAL DECOMPOSITION OF 0T0
In a typical experiment 1.00 m L aliquots of stock

solutions of ozonide in CC I 4 were transferred to a series
of 2 m L ampoules which were then cooled to -78°C under N 2
purge and sealed.

Twenty-five ampoules were placed in an

oil bath thermostatted at 50°C; ampoules were periodically
withdrawn,

quenched at 0°C, the contents were diluted to

10.00 m L with n-hexane,

and analyzed by HPLC.

In this

manner the disappearance of ozonide was measured over three
half-lives.

6

.3

6.3.1

ESR STUDIES
Decomposition of ABO or OTO in the Presence of
DMPO or PBN
In a typical experiment 1 m L aliquots of 0.1 M

solutions of spin trap in benzene-dg were added to known
amounts of ozonide.

Portions of these samples were

transferred to quartz ESR tubes, purged with Ar
and tightly capped.

6

minutes,

After incubation at 37°C for 15 min,

the samples were analyzed at room temperature by ESR.

The

first derivative ESR spectra were digitally converted to

second derivative spectra and these were used to determine
peak locations for the calculation of hyperfine splitting
constants.

6.3.2

Decomposition of ABO in the Presence of TMPO
To 0.5 m L of a solution of TMPO in benzene-dg

(0.1

M) were added 5.0 /*L (34 ^mol) ABO to give a final ABO
concentration of 7 x 10 “ 2 M.

This sample was transferred

to a quartz ESR tube, purged with N 2 , and tightly capped.
After incubation at 37°C for 30 min, the sample was
analyzed at room temperature by ESR.

Hyperfine splitting

constants were measured from the experimentally obtained
first derivative ESR spectrum by measuring peak to peak
distances.

6.3.3

Spin-trapping Authentic Benzyl Radicals with DMPO.
PBN. and TMPO
Benzyl radicals were produced and trapped in

benzene-dg using a modification of a method reported by
Janzen and Blackburn

164

.

Thus, a saturated solution of

bibenzyl mercury in benzene-dg
adding ca. 80 mg

(20 nmol)

(ca. 0.02 M) was prepared by

bibenzyl mercury to 1 mL

benzene-dg; the small amount of undissolved solid was
separated by decantation.

This alkyl-mercury solution was

then mixed with a 1 m L benzene-dg solution of the
appropriate spin trap

(0.2 M) and an aliquot of this

mixture was transferred to a quartz ESR tube, purged with

Ar for ca.

6

min, and tightly capped.

These samples were

then photolyzed in the cavity of the ESR spectrometer using
a 200 W Hg lamp equipped with a Corning 300 nm cut-off
filter for ca. 5 min and the ESR spectra were recorded.
The first derivative ESR spectra were digitally converted
to second derivative spectra and these were used to
determine peak locations for the calculation of hyperfine
splitting constants.
6.3.4

Decomposition of 18:1ME ozonide in the Presence
of DMPO or TMPO
To 0.5 mL solutions of spin trap in benzene-dg

(0.1

M) were added 5.0 n L (13 /xmol) 18:1ME ozonide to give a
final 18:1ME ozonide concentration of 0.03 M.

These

samples were transferred to separate quartz ESR tubes,
purged with N 2 , and tightly capped.

After incubation at

37°C for 30 min, the samples were analyzed at room
temperature by ESR.

Hyperfine splitting constants were

measured from the experimentally obtained first derivative
ESR spectra by measuring peak to peak distances.

6

.4

CIDNP EXPERIMENT
To a medium-walled 5 mm NMR tube were added ca. 0.5 mL

of a CDCI 3 solution of 0.4 M ABO; a small amount of tertbutyl benzene was added as an internal reference
ppm).

(6 1.34

This sample was flushed thoroughly with N 2 , cooled

to -78°C under a N 2 purge, and sealed.

This sample was

(a) placed in the probe of a 200 MHz

NMR spectrometer that had been pre-heated to 70°C,
quickly analyzed, and
to 0°C.

(b)

(c) removed from the probe and cooled

After heating the probe of the NMR to 100°c, the

sample was analyzed at 100°C, removed, and cooled to 0°C.
The probe was then cooled to 70°C and the sample was re
analyzed at 70°C.

Finally, the probe was heated to 100°C

with the sample in place for ca. 1.5 h, after which the
sample was analyzed at 100°C.

RESULTS - PART II

7.1

PRODUCT STUDIES
Table IV lists the products we have identified from

the thermal decomposition of ABO in various solvents at 98
or 37°C under N 2 .

In general the major products are

toluene, bibenzyl, benzyloxymethy 1 formate,
phenylacetaldehyde, benzyl chloride

(when C CI 4 and CDCI 3

are used as solvents) , and formic acid.

Benzyl formate is

observed when the decomposition is carried out at 37°C.
Formaldehyde is detected by 1H NMR but has not been
quantitated.

Analysis of the headspace above the

decomposed mixture showed a 9% yield of CO; no CO 2 was
detected.

When the decomposition of ABO is carried out in

the presence of
changes

1 -butanethiol

the product distribution

(Table V ) ; yields of toluene increase, no bibenzyl

is formed,

and decreases in yield of benzyloxymethyl

formate, phenylacetaldehyde,

and benzyl chloride are

observed.

7.2

KINETICS OF THE THERMAL DECOMPOSITION OF 0T0
The rate constants for the thermal decomposition of

ABO have been listed in Part I (Table IV, page 43).
purposes of comparison,

For

rate constants for the thermal

decomposition of 0T0 were obtained in an identical fashion;
a typical plot of log

(0T0 peak area) vs. time is shown in

100

Table IV.

Mole Percentage8 of Products from the Thermal Decomposition of ABO in the Absence of Oxygen

Temperature
Solvent

37°C

98°C
bCDCl3

cci 4

c h 3c n

(c h 3 )2c o

n-hexane

cdci3

cci 4

29 + 1

18 + 1

% Yield

Products
Toluene

25 + 2

16 + 2

21 + 2

16 + 2

13 + lc 'd

Bibenzyl

5.6 + 0.4

1.0 + 0 . 3

7 + 1

8.6 + 0.4

4.5 + 0.2c 'd

3.0 + 0.1

0.17 + 0.05

Benzyloxymethyl Formate

16 + 2

14 + 1

12 + 1

12 + 1

12 + lc 'd

4.9 + 0.3

13 + 1

Phenylacet
aldehyde

21 + 2

29 + 1

28 + 2

33 + 3

43 + 2d

6.0 + 0.2

19 + 1

Benzyl
Chloride

3.6 + 0.4

11 + 1

N.O.

N.O.

N.O.

10 + 1

11 + 1

Benzyl
Formate

N.O.

N.O.

N.O.

N.O.

N.O.

9.1 + 0.5

5.8 + 0.5

Total %
"Benzyl Mass"e

77 + 7

72 + 6

75 + 6

78 + 6

77 + 5

65 + 3

67 + 4

Formic acid

84 + 7

N.D.

79 + 5

N.D.

83 + 4

N.D.

N.D.

ABO, allylbenzene ozonide; N.O., not observed; N.D., not determined.
aBased on initial ABO ((6.8 + 0 . 2 )
(3.4 + 1) x 10~5 mol of ABO.

x 10“® mol) except for the 37°C runs, these % yields are based on

b in addition to the listed products, CO was formed in 9 + 3 % yield.

cVerified by HPLC. dThese yields are independent of ABO concentration over the range 3.6 to 14 mM.
eOnly products containing a benzyl group and assuming 1 mole of bibenzyl per 2 moles of ABO.

Table V.

Mole percentage 3 of products from the
thermal decomposition of ABO in the
absence and presence of 1 -butanethiol
at 9 8°C.
CDCI 3

Solvent

(+

1

CDCI 3
.
-butanethiol ) 0

Products
Toluene
Bibenzyl

25 ± 2
5.6 ± 0.4

Benzyloxymethyl Formate

16 ±

2

Phenylacetaldenyde

21

±

2

Benzyl
Chloride
Benzyl
Formate

44 ± 1
N.O.
10

±

1

11.0 ± 0.3

3.6 ± 0.4

2.8 ± 0.3

N.O.

N.O.

Total %
"Benzyl MassI,c

77 ± 7

Formic acid

84 ± 7

68

± 3

N.D.

ABO, allylbenzene ozonide; N . O . , not observed;
N . D . , not determined.
aBased on initial ABO ((6 . 8 + 0.2) x 10"^ mol).
^Product yields independent of 1 -butanethiol
concentration between 65 and 215 mM; c
A [1-butanethiol] *= (5.2 + 0.2) x 1 0 M.
c 0 nly products containing a benzyl group.
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Figure 2.

In the presence of the radical scavenger 1-

butanethiol, decomposition is first order in OTO over at
least three half-lives; rate constants obtained at 50, 70,
and 98°C are listed in Table VI.
Arrhenius plot can

From these

be constructed (Figure 3)

rate data an
from which

activation parameters Ea = 26.6 + 0.5 kcal m o l -1 and log A
= 12.5 + 0.3 for OTO are obtained.

These parameters are

compared to Ea = 28.2 + 0.3 kcal m o l -1 and log A = 13.6 +
0.2 for A B O .

7.3
7.3.1

ESR STUDY OF THE THERMAL DECOMPOSITION OF ABO
Thermal Decomposition of ABO in the Presence of
5.5-Dimethyl-l—pyrroline N-oxide (DMPO)
When varying amounts of ABO are warmed to 37°C under

Ar in the presence

of 0.1 M DMPO, ESR signals are

these are shown in

Figure 4.

At equimolar concentrations of DMPO and ABO,
ESR spectrum is observed

observed;

a complex

(Figure 4 A ) ; at least four

different DMPO-spin adducts are present (A, B, C, and D ) .
Tables VII and VIII list hfsc for selected oxygen- and
carbon-centered DMPO spin adducts in benzene, respectively.
The final column of these tables lists the ESR spectral
widths for these spin adducts; ESR spectral widths are
equal to 2a^ + aH(l)

and 2aN + aH(l) + aH(2)

and oxygen-centered DMPO spin adducts,
shown in Figure 5.

f°r carbon-

respectively, as

Figure 6 shows the second derivative

spectrum of Figure 4A; spectral widths of the four DMPO-
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Figure 2. The thermal decomposition of OTO in CCI 4 (62 mM) at 98°C
in the presence of 1-butanethiol (81 m M ) : log (OTO peak area3 ) vs.
time.
The slope of the line equals -ka/2.303.
aFrom HPLC analysis
(see Section 6.2).

Table VI.

OTO
(mM)

Rate constants for the thermal decomposition
of OTO in CCI 4 under N 2 in the presence of
1 -butanethiol.
1 -Butanethiol

(mM)

Temperature
?°C)

(xd 1 0 6 )a

61.9

80.5

50

3.8 ± 0.1

61.9

80.5

70

36.7 ± 0.9

65.6

86.1

70

36.1 ± 0.9

61.9

80.5

98

790 ± 30

65.6

86.1

98

750 ± 15

OTO, 1-octene ozonide; HPLC, high pressure liquid
chromatography.
aObtained by least squares analysis of data fit to the
equation log(OTO) = -k^t/2.303 where (OTO) is the raw peak
area from HPLC analysis, t is time, and the,slope of the
line is equal to -k<j/2.303. Units are sec '-1
(+ standard deviation).
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-8

-10

-12

-

14*2.6

2.8

3 .0

3.2

l/T (xiof K'')

Figure 3. An Arrhenius plot for the thermal decomposition of 64 + 2
mM OTO in the presence of 83 + 3 mM 1 -butanethiol. The slope of the
line equals -Ea/R where R — 1.987 cal m o l ’^K’^ and the intercept is
In A.
Data are from Table VI.

20 G

Figure 4.
ESR spectra obtained by heating benzene-d 5 solutions of
ABO and 0.1 M DMPO at 37°C for 15 min in the absence of oxygen.
(A)
0.1 M ABO; gain, 8 x 104 . (B) 0.01 M ABO; gain, 8 x 104 . (C) 0.001 M
ABO; gain, 1 x 10^.
The ESR conditions are microwave power, 15 mW;
modulation amplitude, 1 G; center field, 3478 G; sweep width, 100 G;
sweep time, 0 . 8 min, number of scans, 1 0 .

T a b le V I I .

ESR h y p e r f i n e p a r a m e t e r s 3 f o r s e l e c t e d
c e n t e r e d DMPO s p i n a d d u c t s i n b e n z e n e .

Adduct

aN

aH(l)

aH(2)

spectral widthc

d (CH3 )3 C - 0 •

13..19

8

.16

1 .82

36. 36

(CH 3 )3 C - O ■

13,.11

7..93

1 .,97

36.,12

ch 3 -o-

13..58

7,.61

1 .,85

36..62

CH 3 (CH 2 ) 2 CH 2 -0 -

13,.61

6

,
.83

2

.06

36..11

ch 3 ch 2 -o-

13..22

6

,
.96

1 .,89

35.,29

PhC(O)-O'

12

.24
,

9,.63

.87

34..98

e0 1 eic alkoxyl

12

.84

6

.48

1 .68

33..84

eLinoleic alkoxyl

12

.84
,

6

,
.48

1 .68

33..84

0

ESR, electron spin resonance; DMPO, 5,5-dimethyl-1-pyrrolineN-oxide; Ph, phenyl.
aAll values are expressed in gauss (G).
^From Reference 165, unless otherwise indicated.
cSpectral width = 2ajj +

+ a^^) •

dFrom Reference 166.
eFrom Reference 167; in toluene.
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T a b le V I I I .

ESR h y p e r f i n e p a r a m e t e r s 3 f o r s e l e c t e d
c e n t e r e d DMPO s p i n a d d u c t s i n b e n z e n e .

Adduct

aN

aH(l)

spectral
widthc

CH 3 CH(OH)CH2 -

14..58

23,.91

53..07

CH 3 CHOH

15..03

22

,
.53

52,.59

CH 3 (CH2 )2 C(OH)H-

14..89

22

.72

52.,50

hoch2•

14,.66

20

.67

49..99

PhCHCN

14..39

20

.63

49.,41

h 3 c-

14,.31

20

,
.52

49..14

PhCH2 •

14..16

2 0 .66

48..98

14.,1

20

.4

48.,6

ch 3 ch2 •

14..20

20

,
.49

48..89

PhCHCH 3

14..20

20

,
.49

48..89

ch 3 ch 2 ochch 3

14,.20

20

.49

48..89

ch 3 (ch2 )2 ch2 -

14..24

20

,
.41

48..89

Ph-0-CH2 •

13..79

19,.56

47,.14

ep h .

14,.1

19,.5

47,.7

ePh-

14,.0

19,.0

47,.0

13,.76

19,.22

46,.74

fPh-

13,.8

19,.2

46,,8

STetrahydrofuranyl

14..12

17,.92

46..16

CH 3 C ( 0 ) •

14..03

17,.87

45..93

PhC(O)•

13.,99

15..57

43..55

dPhCH2 ■

Ph-

ESR, electron spin resonance: DMPO, 5,5-dimethyl-1pyrroline N-oxide; Ph, phenyl.
aAll values are expressed in gauss (G).
^From Reference 165, unless otherwise indicated.
cSpectral width - 2ajj +
eFrom Reference 169.
^From Reference 170.

s h (1)

• ^from Reference 168.
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H(l)

HO)

H(2)

20 G

Figure 5. Simulated ESR spectra showing the hyperfine splitting
patterns for (A) carbon-centered and (B) oxygen-centered DMPO spin
..v 6 vu >.cin.eiea utaru spin
adducts;
ESR
---- an<*
- ’ aN + aH(l) + aH(2)
ououccs;
ESR spectral
spectral widths
widths are
are *«
a$ +*- aH(l)
for the carbon-centered and oxygen-centered spin adducts,
respectively.
These ESR spectra were generated assuming 100%
gaussian lineshape and using the following hfsc: Spectrum (A), ajj =
16 and
- 20.65
Spectrum (B), a^ - 13.09, &H(1)
a n d aH(2) = 1.71 G.
6.80

G;

I ll

20 G

Figure 6 . (A) The ESR spectrum presented in Figure 4(A); this
spectrum was obtained by heating a benzene-dg solution of 0.1 M ABO
and 0.1 M DMPO at 37°C for 15 min. (B) The second derivative ESR
spectrum of (A); ESR spectral widths for DMPO spin adducts A, B, C,
and D are 48.9, 44.7, 39.9, and 34.7 G, respectively.
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spin adducts

(A, B, C, and D) are labeled.

Table IX lists

the hyperfine splitting constants for A, B, C, and D; these
were determined by computer "stick" simulation
7).

(see Figure

Lowering the concentration of ABO ten-fold

and 100-fold

(Figure 4B)

(Figure 4C) results in almost exclusive

formation of DMPO-spin adduct E.

This signal is a doublet

of triplets with hyperfine splitting constants of ajj = 14.6
+ 0.2 and aH(l) = 21.4 + 0.2 G; these hyperfine are
consistent with an alkyl radical spin adduct,
benzyl radical spin adduct

18., but not a

(Table V I I I ) .

ch2
H 3 C -/C \

/ CvH

h 3c

r

o*
18
7.3.2

Thermal Decomposition of ABO in the Presence of
g-Phenvl—N — trert -butvl nitrone fPBN)
When varying amounts of ABO are warmed to 37°C under

Ar in the presence of 0.1 M PBN, ESR signals are observed;
these are shown in Figure 8.

When the concentrations of

ABO and PBN are equimolar, the ESR spectrum
consists mainly of a doublet of triplets

(Figure 8A)

(spin adduct F)

with hyperfine values of a^ = 13.54 + 0.04 and afj(i) = 1.97
+ 0.04 G.

Tables X and XI list hfsc for selected oxygen-

and carbon-centered PBN spin adducts,

respectively; hfsc

for spin adduct F are consistent with an alkoxyl PBN spin
adduct,

19

(Table X) .
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Figure 7.
(A) The second derivative ESR spectrum of the ESR
spectrum presented in Figure 4 ( A ) . (B) A "stick" simulation of (A)
using the hfsc listed in Table IX. Also shown is spin adduct D'
which has ajg — 13.03 and Is not assigned.
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Table IX.

Adduct

ESR hyperfine parameters 3 for DMPO spin adducts A, B, C, D,
and E (Figure 4) obtained from warming ABO to 37°C in the
presence of 0.1 M DMPO.

aN

aH(l)

aH(2)

spectral
width®

Assignment

A

14.1 ± 0.1

20.7 ± 0.1

48.9 ± 0.3

benzyl

Bc

14.0

16.7

44.7

carboncentered

C

13.9

9.9

2.1

39.9 ± 0.1d

Dc

13.0

7.1

1.7

34.8

E

14.6 ± 0.2

21.4 ± 0.2

50.5 + 0.4

N.A.
oxygencentered
alkyl

ESR, electron spin resonance; DMPO, 5,5-dimethyl-1-pyrroline N-oxide;
ABO, allylbenzene ozonide; N . A . , not assigned.
aValues are expressed in gauss (G) + average deviations and are
measured from the second derivative ESR spectrum except where noted.
^Spectral width = 2ajg + an(l) + aH(2) •
cDetermined by computer stick simulation (see Figure 7).
dFrom Figure 4.

115

10 G

Figure 8 . ESR spectra obtained by heating benzene-d 6 solutions of
ABO and 0.1 M PBN at 37°C for 15 min in the absence of oxygen.
(A)
0.1 M ABO; gain, 2.5 x 104 . (B) 0.01 M ABO; gain, 8 x 104 . (C) 0.001
M ABO; gain, 3.2 x 10^. The ESR conditions are microwave power, 15
mW; modulation amplitude, 0.25 G; center field, 3475 G; sweep width,
50 G; sweep time, 0.8 min, number of scans, 10.
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T a b le X.

ESR h y p e r f i n e p a r a m e t e r s 3 f o r s e l e c t e d o x y g e n - c e n t e r e d
PBN s p i n a d d u c t s i n b e n z e n e .

Adduct

aN

Reference

aH(l)

h 3 co-

13.7

2.0

169

CH 3 (CH2 )2 CH 2 0-

13.6

2.0

171

ch 3 (ch2 )3 ch 2 o-

13.89

2.21

172

(CH 3 )2 CHO-

13.9

1.9

169

CH 3 CH 2 CH(CH 3 )0-

13.94

1.91

172

(CH 3 )3 CO-

14.4

2.0

169

(CH 3 )3 C0-

14.21

1.83

173

(CH 3 )3 CO-

14.29

1.84

166

(ch 3 ) 3 co-

14.11

1.83

174

CH 3 C(0)0-

12.84

1.73

94

PhC(0)0-

13.07

1.44

175

PhC(0)0•

13.3

1.5

169

(CH 3 )3 COO-

13.34

1.25

173

(ch 3 )3 coo-

13.35

1.38

174

(ch 3 )3 coo-

13.53

1.39

174

ESR, electron spin resonance; PBN,
P h , phenyl.

a

-phenyl-N-

aAll values are expressed in gauss (G).

tert

-butyl nitrone;

T a b le X I .

ESR h y p e r f i n e p a r a m e t e r s a f o r s e l e c t e d c a r b o n - c e n t e r e d PBN
s p in a d d u cts in b e n ze n e.

Adduct

aN

aH(l)

Reference

h 3 c-

14.20

3.45

94,164

h 3 c-

14.24

3.45

164

h 3 c-

14.15

3.41

94

h 3 c-

14.9

3.6

169

ch 3 ch2 •

14.3

3.3

176

ch 3 ch2 •

13.89 - 14.00

3.13 - 3.20

164

CH 3 (CH2 )2 CH2 -

14.6

3.4

171

ch 3 (ch 2 )2 ch2 -

13.73 - 14.15

2.08 - 3.13

164

(CH3 )3 C-

14.6

2.3

169

PhCH2 •

13.88 - 13.91

2.31 - 2.44

164

PhC(CH3 )2 •

14.25

2.19

173

Ph-

14.5

2.2

169

Ph-

14.41

2.21

177

Ph-

13.71 - 13.83

2.08 - 2.14

164

CH 3 C(0)-

14.4

2.3

176

PhC(O)•

14.0

4.46

178

PhC(O)•

14.23

4.52

179

ESR, electron spin resonance; PBN, a-phenyl-N-tert-butyl nitrone;
P h , phenyl.
aAll values are expressed in gauss (G).
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?'
Ph-9H-N-C(CH3>3
OR

19

Lowering the concentration of ABO ten-fold (Figure 8B) and
100-fold

(Figure 8C) results in the formation of two

overlapping doublets of triplets

(spin adducts F and G ) ;

hfsc were determined by computer simulation

(Figure 9B) and

found to be a^ = 13.50 and au(i) = 2.00 G for signal F and
a^ = 14.38 and an(i) = 2.27 G for signal G.

An additional

signal consisting of a triplet with a^ = 7.97 G is also
present

(spin adduct H ) ; these hfsc are consistent with N-

benzoyl-N-tert-butyl nitroxide (PBNOx ) , 20, an oxidation
product of PBN1 8 0 .

O'
Ph-jj-ft-C(CH3 ) 3

20

7.3.3

Thermal Decomposition of ABO in the Presence of 3.3.
5.5-Tetramethvl-l-pvrroline N-oxide (TMPO)
When 7 x 10”2 M ABO is warmed to 37°C under N 2 in

the presence of 0.1 M TMPO in benzene, ESR signals are
observed; these are shown in Figure 10.

The ESR spectrum

consists of three overlapping doublets of triplets,

I, J,

and K; hyperfine parameters for each of these spin adducts

119

Figure 9.
(A) The ESR spectrum presented in Figure 8 (B); this
spectrum was obtained by heating a benzene-dg solution of 0.01 M ABO
and 0.1 M PBN at 37°C for 15 min in the absence of oxygen. (B)
Simulated ESR spectrum of (A) assuming 100% Lorentzian lineshape and
78% F, 18% G, and 4% H.
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^I^pAfl
20 G

Figure 10.
The ESR spectrum obtained by heating a benzene-d 6
solution of 0.07 M ABO and 0.1 M TMPO at 37°C for 30 min in the
absence of oxygen.
ESR conditions are microwave power, 10 mW;
modulation amplitude, 1 G; gain, 2.5 x 10^; center field, 3350 G;
sweep width, 100 G; sweep time, 4 min; number of scans, 1.
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are listed in Table XII.

Table XIII lists hfsc for known

oxygen- and carbon-centered TMPO spin adducts in benzene.
The hfsc for spin adduct I (Figure 10) are consistent with
an alkyl radical spin adduct,

21,

(Table XIII) while the

hyperfine values for spin adducts J and K (Figure 10) are

ch 3

Q

CH 2

ch3

h 3c
h 3c

n

/C-H
r

o21

consistent with two different oxygen-centered spin adducts
(Table X I I I ) .

7.3.4

Spin-trapping Authentic Benzvl Radicals with DMPO.
PBN. or TMPO
Photolysis of a solution of dibenzyl mercury/DMPO in

benzene-dg results in a doublet of triplets with a^ = 14.15
± 0.06 and aH(l) = 20.65 ± 0.02 G (Figure 11).

These

hyperfine values are compared to Janzens' values of a^ =
14.16 and aH (i) = 20.66 G

165

.

Photolysis of a solution of dibenzyl mercury/PBN in
benzene-dg results in a doublet of triplets with a^ = 14.49
+ 0.04 and an(i) = 2.47 + 0.01 G (Figure 12).

These hfsc

are not in agreement with hfsc reported by Janzen et al.
for a benzyl radical PBN spin adduct

(a^ = 13.88 and

Table XII.

ESR hyperfine parameters 3 for TMPO spin adducts
I, J, and K
(Figure 10) obtained from warming
7 x 10'2 M ABO to 37°C in the presence of 0.1 M
TMPO in benzene^.

Adduct

aN

I

14.8 ± 0.3

24.4 ± 0.5

J

14.0 ± 0.3

11.9 ± 0.3

K

13.6 + 0.3

6.0 + 0.3

aH(l)

ESR, electron spin resonance; TMPO, 3,3,5,5-tetramethyl1-pyrroline N-oxide; ABO, allylbenzene ozonide.
aPeak to peak measurements from Figure 10; all values are
expressed in gauss (G) + average deviations.

T a b le X I I I .

ESR h y p e r f i n e p a r a m e t e r s 3 f o r o x y g e n an d c a r b o n - c e n t e r e d TMPO s p i n a d d u c t s
in b en zen e.

Adduct

aN

aH(l)

b H 3C •

15.35

24.30

cH 3 C-

14.8

23.7

cCH 3 CH 2 •

14.6

22.6

c (CH 3 )2 CH-

14.4

20.4

bph.

14.56

24.20

cPh-

14.6

24.2

dp h .

14.41

23.86

c (CH 3 )3 C-0-

13.5

5.9

e (CH 3 )3 C-0-

13.39

5.88

d (CH 3 )3 C-0-

13.31

5.81

dPhC(0)-0•

12.53

7.97

ESR, electron spin resonance; TMPO, 3,3,5,5tetramethyl-l-pyrroline N-oxide; Ph, phenyl.
aAll values are expressed in gauss (G).
^From Reference 181.
cFrom Reference 169.
dFrom Reference 182.
eFrom Reference 166.
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20 G

Figure 11.
(A) The ESR spectrum obtained by photolyzing a benzenedg solution of 0.2 M DMPO and 0.02 M bibenzyl mercury in the absence
of oxygen.
The ESR conditions are microwave power, 15 mW;
modulation amplitude, 0.4 G; gain, 1.25 x 10^; center field, 3482 G;
sweep width, 100 G; sweep time, 1.7 min; number of scans, 5.
(B)
Second derivative ESR spectrum; this was used to measure hfsc.
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\

10 G

Figure 12.
(A) The ESR spectrum obtained by photolyzing a benzenedg solution of 0.2 M PBN and 0.02 M bibenzyl mercury in the absence
of oxygen.
The ESR conditions are microwave power, 15 mW;
modulation amplitude, 0.4 G; gain, 5 x 10^; center field, 3482 G;
sweep width, 50 G; sweep time, 0.8 min; number of scans, 5.
(B)
Second derivative ESR spectrum; this was used to measure hfsc.
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and an(i) = 2.44 G)

164

.

We feel that Janzen et al. a^

hyperfine value is too small for an alkyl radical-PBN spin
adduct; our a^j value of 14.49 + 0.04 G is more reasonable
and is used for comparison purposes.
Photolysis of a solution of dibenzyl mercury/TMPO in
benzene-dg results in a doublet of triplets with a*j = 14.6
+0.1

and aH(l) = 24.2 ± 0.1 G (Figure 13).

The ESR

spectrum of a benzyl radical TMPO spin adduct is previously
unreported.

7.4

ESR STUDY OF THE THERMAL DECOMPOSITION OF OTO

7.4.1

Thermal Decomposition of OTO in the Presence of DMPO
When varying amounts of OTO are warmed to 37°C under

Ar in the presence of 0.1 M DMPO, ESR signals are observed;
these are shown in Figure 14.

Hyperfine splitting

constants for these ESR signals are listed in Table XIV.
At equimolar concentrations of DMPO and OTO, a complex
ESR spectrum is observed (Figure 14A ) ; at least four
different DMPO spin adducts are present

(L, M, N, and O ) .

Spin adduct L consists of a doublet of triplets and has
hfsc that are consistent with a carbon-centered spin adduct
(Table VIII).

The spectral width of spin adduct M

(45.0 +

0.1 G) is consistent with a carbon-centered DMPO spin
adduct

(Table V I I I ) .

Spin adducts N and O consist of

doublets of doublets of triplets and have hfsc that are
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20 G

Figure 13.
(A) The ESR spectrum obtained by photolyzing a benzenedg solution of 0.2 M TMPO and 0.02 M bibenzyl mercury in the absence
of oxygen.
The ESR conditions are microwave power, 10 mW;
modulation amplitude, 0.4 G; gain, 5 x 10^; center field, 3478 G;
sweep width, 100 G; sweep time, 3.3 min; number of scans, 1.
(B)
Second derivative ESR spectrum; this was used to measure hfsc.
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20 G

Figure 14.
ESR spectra obtained by heating benzene-dg solutions of
OTO and 0.1 M DMPO at 37°C for 15 min in the absence of oxygen.
(A)
0.1 M OTO; gain, 2.5 x 104 . (B) 0.01 M OTO; gain, 8 x 104 . (C) 0.001
M OTO; gain, 1.6 x 10^.
The ESR conditions are microwave power, 15
mW; modulation amplitude, 1 G; center field, 3480 G; sweep width,
100 G; sweep time, 0.8 min, number of scans, 10.
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Table XIV.

ESR hyperfine parameters 3 for DMPO spin adducts L. M, N,
and 0 (Figure 14) obtained from warming OTO to 37 C in the
presence of 0.1 M DMPO.

Adduct

aN

---

N

13.8

0

13.05

0.1

20.6

±

0.1

+1

o
h->

M

1+

14.3 ±

9.3 ± 0.2

O
O

L

spectral
width®

aH(2)

aH(l)

6.54 ± 0.03

2.0

2.00

±

0.1

± 0.08

Assignment

49.2 + 0.3
(48.9 ± 0.1)

alkyl

(45.0 ± 0.1)

carboncentered

38.9 + 0.4
(38.9 ± 0.1)

alkoxyl

34.6 + 0.2
(34.7 ± 0.1)

alkoxyl

ESR, electron spin resonance; DMPO, 5,5-dimethyl-1-pyrroline N-oxide;
OTO, 1-octene ozonide.
aAll values are expressed in gauss (G) + average deviations.

^he

^Spectral width = 2a^j + a y n ) + aH(2)>
numbers in parentheses are
measured from the second derivative ESR spectrum.
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consistent with oxygen-centered adducts

(Table V I I ) .

Lowering the concentration of OTO ten-fold
14B) and 100-fold

(Figure

(Figure 14C) results in almost exclusive

formation of spin adduct L; as mentioned above, the hfsc
are consistent with an alkyl radical adduct

7.4.2

(Table V I I I ) .

Thermal Decomposition of OTO in the Presence of PBN
When varying amounts of OTO are warmed to 37°C under

Ar in the presence of 0.1 M PBN, ESR signals are observed;
these are shown in Figure 15.

When the concentrations of

OTO and PBN are equimolar, the ESR spectrum (Figure 15A)
consists of two doublets of triplets and a triplet.
Hyperfine splitting constants were determined by computer
simulation

(Figure 16) and found to be a*j = 14.71 and aH(l)

= 3.40 G for signal P, a^ = 13.57 and aH(l) = 1*98 G for
signal Q, and ajj = 8.00 G for signal R.
Similar, but less intense, ESR spectra are observed
when the concentration of OTO is lowered ten-fold
15B)

or 100-fold (Figure 1 5 C ) .

(Figure
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10 G

Figure 15.
ESR spectra obtained by heating benzene-d 5 solutions of
OTO and 0.1 M PBN at 37°C for 15 min in the absence of oxygen.
(A)
0.1 M OTO; gain, 4 x 104 . (B) 0.01 M OTO; gain, 8 x 104 . (C) 0.001 M
OTO; gain, 1.25 x 10-*. The ESR conditions are microwave power, 15
mW; modulation amplitude, 1 G; center field, 3480 G; sweep width, 50
G; sweep time, 0.8 min, number of scans, 10.
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10 G

Figure 16.
(A) The ESR spectrum presented in Figure 15(A); this
spectrum was obtained by heating a benzene-dg solution of 0.01 M OTO
and 0.1 M PBN at 37°C for 15 min in the absence of oxygen. (B)
Simulated ESR spectrum of (A) assuming 100% Lorentzian lineshape and
80% Q, 12% P, and 8 % R.
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7.5

ESR STUDY OF THE THERMAL DECOMPOSITION OF 18:1ME
OZONIDE

7.5.1

Thermal Decomposition of 18:1ME Ozonide in the
Presence of DMPO
When 0.03 M 18:1ME ozonide is warmed to 37°C under

N 2 in

the presence of 0.1 M DMPO, ESR signals are observed;

these

are shown in Figure 17.

The ESR spectrum consists of

at least 3 doublets of doublets of triplets

(S, T, and U)

and signal V; the hfsc of these signals are listed in Table
XV.

7.5.2

Thermal Decomposition of 18:1ME Ozonide in the
Presence of TMPO
When 0.03 M 18:1ME ozonide is warmed to 37°C under

N 2 in

the presence of 0.1 M TMPO, ESR signals are observed;

these

are shown in Figure 18.

The ESR spectrum consists of

two overlapping doublets of triplets, W and X; hfsc for W
and X are ajj = 14.00 ± 0.05, aH(l) = 11*63 ± 0.04 G and ajg
= 13.25 + 0.05, aH(l)

= 5.38 ± 0.02 G, respectively.

The

hfsc for X are consistent with an alkoxyl radical adduct
whereas the hfsc for W are intermediate between hyperfine
reported for oxygen-centered and carbon-centered spin
adducts
7.6

(Table X I I I ) .

OBSERVATION OF CHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION (CIDNP) DURING THE THERMAL DECOMPOSITION
OF ABO
Figure 19 presents ^-H NMR spectra obtained when a

solution of ABO in CDCI 3

(0.4 M) is heated to 100°C in the
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20 G

Figure 17. The ESR spectrum obtained by heating a benzene-dg
solution of 0.03 M 18:1ME ozonide and 0.1 M DMPO at 37°C for 30 min
in the absence of oxygen.
ESR conditions are microwave power, 10
mW; modulation amplitude, 0.5 G; gain, 1.6 x 10^; center field, 3350
G; sweep width, 100 G; sweep time, 4 min; number of scans, 1.
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Table XV. ESR hyperfine parameters 3 for DMPO spin adducts S, T, U,
and V (Figure 17) obtained from warming 0.03 M 18:1ME
ozonide to 37°C in the presence of 0.1 M DMPO.

Adduct

aN

aH(l)

spectral
width®

Assignment

2.10 ± 0.05

38.7 ± 0.3

alkoxyl

S

12.9 ± 0.1

10.8

T

12.9 ± 0.1

5.00 ± 0.05

1.45 ± 0.05

32.3 ± 0.2

oxygencentered

U

12.9 ± 0.1

4.4 + 0.1

1.3 ± 0.1

31.5 ± 0.3

oxygencentered

V

±

aH(2)

0.1

not resolved

40.0 ± 0.3C

N.A.

ESR, electron spin resonance; DMPO, 5,5-dimethyl-l-pyrroline N-oxide;
18:lME, methyl oleate; N . A . , not assigned.
aAll values are expressed in gauss (G) + average deviations.
^Spectral width - 2ajg +

+ ajj(2) •

cMeasured from the outer-most peaks in Figure 17.
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20 G

Figure 18.
The ESR spectrum obtained by heating a benzene-dg
solution of 0.03 M 18:1ME ozonide and 0.1 M TMPO at 37°C for 30 min
in the absence of oxygen.
ESR conditions are microwave power, 10
mW; modulation amplitude, 1 G; gain, 2 x 10^; center field, 3350 G;
sweep width, 100 G; sweep time, 4 min; number of scans, 1.
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Figure 19. The
NMR spectra obtained before, during, and after
the thermal decomposition of 0.4 M ABO in CDCI 3 . A, the spectrum of
ABO after 9 min at 70°C; B, the spectrum recorded at 100°C after
heating at 100°C for 5 min; C, the spectrum recorded after cooling
the ABO sample to 70°C; D, the spectrum obtained at 100°C after the
sample was heated continuously at 100°C for 1.5 h. Ph - phenyl.

probe of a 200 MHz NMR.

Spectrum A in Figure 19 is the

initial spectrum of ABO at 70°C.

Spectrum B in Figure 19

is obtained at 100°C and shows CIDNP effects1 5 5 '158-161;
these effects are most pronounced in a signal at 9.69 ppm
(signal f, enhanced absorption),
ppm

(signal g, emission),

an unknown product at 8.73

a signal at 5.43 ppm (signal h,

emission), and a signal at 2.39 ppm (signal i, emission).
Spectrum C in Figure 19 is a spectrum recorded at 70°C
immediately following Spectrum B.

Spectrum D in Figure 19

is a spectrum recorded at 100°C after the sample of ABO was
heated continuously at 100°C for 1.5 h.

DISCUSSION - PART II

8.1

MECHANISM OF ABO DECOMPOSITION
Table IV lists the products obtained when ABO is

thermally decomposed at 98 or 37°C in the absence of
oxygen.

A mechanism that accounts for these products is

presented in Figure 20.
The first step of this mechanism (path a) involves the
unimolecular homolysis of the ozonide peroxide bond to
yield the oxy-diradical, 22 .

Our experimentally

determined activation energy (Section 3.4, p. 40) of 28.2 ±
0.3 kcal mol - 1

is in reasonable agreement with Benson's

estimate of 30 kcal m o l "’1 for ozonide homolysis1 4 6 .
log pre-exponential factor of 13.6 + 0.2, however,

The

is less

than the expected value of 15-16 for a unimolecular
decomposition

183

.

In order to explain this apparently low

pre-exponential factor it was thought that ozonide peroxide
bond homolysis proceeded with some degree of concertedness
with £ -scission of the adjacent benzyl group,

as shown

below (Equation 22).

PhCH2 - C ^ \ H 2 -->tPhCH2 --<?^CS:H 2 ]^-->[PhCH2 - H « / S h 2 ]cage
u— o
u— -o
o -o
25
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(22)

Ph

_ = — 2- Ph'
0— 0

0I-- »0
•(

ABO

22

(b)
•0

23
(cO
cage escape

(c).

CH.
i ■
•O

CH.

PhCHp* +HC

■5* Ph CHpOCH-OCH
cag e

(d)■2*

,CH
•

0‘

^

P h CH-OCH-OCH + HCHO

c aM g^ VeW

\

\

id')
c a g e e sc ap e5* P h

+

P
ft
0

(e )
Ph O H J*

PI’ CH2 CH2P h

solvent "■* P h C H 2CI

Ph CH2*

Pf»CH3+R*
0

^ — a(i )

O
PhCH-jCH + R*

— >

P h CHjjOCHgOCH + PhC H 2«

P h CH2CH 0 + *OCH2OCH2Ph

O
P hC H 2 C* + RH ■■■—'C° »

PhC H 2»

Figure 20.
Proposed mechanism for the liquid phase thermal
decomposition of ABO in the absence of oxygen.

+

Transition state 25. shows spin delocalization onto the
adjacent benzyl substituent; this stabilization would
require some restrictions of motion to ensure favorable
orbital overlap.

The consequence of this more "ordered"

transition state would be a smaller Arrhenius preexponential factor

184

.

To test this explanation the

activation parameters for the thermal decomposition of 0T0
26, were determined.

If transition state 25 is

/ ° \ CH 2

CH 3 (CH2 )5CH

0— 0
26

important in the cleavage of the ozonide bond, then
changing the adjacent alkyl group from a benzyl group to a
primary n-alkyl group should slow the rate of thermal
decomposition

184

.

Arrhenius activation parameters for 0T0

(Ea = 26.6 ± 0.5 kcal m o l - 1 and log A = 12.5 + 0.3) are
similar to those obtained for ABO; this finding appears to
rule against a concerted process.
CO is formed in 9 ± 3% yield

(Table I V ) ; a reasonable

mechanism for its formation is shown as path j in Figure
20.

This is similar to the mechanism proposed by Greiner

and Muller

143

to explain the evolution of CO during the

thermal decomposition of

1

-octene ozonide.

With one exception, the products obtained from the
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thermal decomposition of ABO at 37°C and 98°C are the same;
this suggests that the mechanism of decomposition changes
little over this temperature range.

Benzyl formate is

formed when the decomposition is carried out at 37°C but it
is not formed at 98°C.

Path d (Figure 20) shows a

reasonable mechanism for the formation of benzyl formate
that involves double ,8 -scission of the oxy-diradical,
I O A

followed by cage recombination

2 2

,

*
|Q C

'

phenylacetaldehyde are obtained at

.Lower yields

of

37°C (Table I V ) ;this

may be attributed to polymerization reactions over the long
period of decomposition

8.1.1

(86

days).

Decomposition of ABO in the Presence of
1-Butanethiol
Thiols are very effective hydrogen atom donors and

have been employed to investigate cage and/or chain
*|QC
processes in radical reactions
. Table V shows the
effect of

1 -butanethiol

on the product distribution

obtained from the decomposition of ABO at 98°C.
Yields of toluene increase from 25 + 2 to 44 + 1% and
bibenzyl is not observed when the decomposition is carried
out in the presence of 1-butanethiol.
of benzyl chloride decrease

In addition, yields

(Table V ) .

These results are

consistent with the scavenging of benzyl radicals by
butanethiol

1

-

(Equation 23).

PhCH2 ’

+

CH 3 (CH2 )3 SH --> PhCH2 -H

+

CH 3 (CH2 ) 3 S-

(23)
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Yields of benzyloxymethyl formate decrease from 1 6 + 2
to 10 + 1%

(Table V ) ; this result indicates that

benzyloxymethyl formate is formed by at least two pathways.
One path involves cage recombination

185

as shown by path c

in Figure 20; caged radicals are normally not susceptible
to scavenging

186

.

Our product data imply that

benzyloxymethyl formate is formed in
recombination.
in ca.

6%

radicals.

10

+

1

% yield by cage

Benzyloxymethyl formate is therefore formed

yield by pathways that involve non-caged
A reasonable route that involves benzyl radical

attack on ABO is shown by path h in Figure 20.

A similar

S jj2 chain process has been proposed as a step in the
thermal decomposition of some alkyl peroxides

187—191

The decrease in yield of phenylacetaldehyde from 21 +
2 to 11.0 ± 0.3% is consistent with two possibilities.
Figure 20 shows a pathway (path i) involving a chain
process similar to path h,

i.e. benzyl radical attack at

the ozonide peroxide bond followed by single p -scission.
In this case, however, 0 -scission occurs between the
methine carbon and the ether oxygen of the ozonide ring, as
shown in Equation 24.

P h C H ,- ch

PhCH t CH0 + •0CHg0CHt Ph

(24)

Another possible explanation for the lower yield of

144

phenylacetaldehyde m a y be that phenylacetaldehyde undergoes
acid catalyzed thioacetalization

PhCH2CHO

+

2CH 3 (CH2 )3 SH

H+_>
< .......

192

PhCH 2 CH(S(CH 2 )3 CH 3 ) 2 + H 20

(25)

27

8.1.2

Comparison of Our Mechanism to the Storv/Hull
Mechanism
The mechanism presented in Figure 20 is different

from the mechanism proposed by Story et al.
extended by Hull et al.
of diisopropyl ozonide

133

144

, and

, for the thermal decomposition

(Section 5.1).

It is proposed that

^-scission of the initial oxy-diradical,

2 2 .,

is the major

pathway for the thermal decomposition of ABO

(Figure 20);

Story et al. favor a mechanism that involves ozonide
homolysis followed by intramolecular hydrogen atom
abstraction

(Section 5.1).

Hull et al. extended this

mechanism to include concerted homolysis and intramolecular
hydrogen atom abstraction (Section 5.1).
It is clear that the formation of toluene, bibenzyl,
benzyloxymethyl formate, benzyl chloride, and benzyl
formate are not consistent with the Story/Hull mechanism;
cumulative yields of these products range from 34 to 59%
based on starting ABO.
initial oxy-diradical,

This implies that 0-scission of the
22

, plays an important role in the

145

thermal decomposition of ABO.
Following a suggestion by Nangia and Benson
acid is proposed to arise,
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in part, by pathway b

20) via the methylenebis(oxy)

radical,

, formic

(Figure

23.; Nangia and

Benson predict the facile isomerization of 23. to formic
acid.

Yields of formic acid are significantly greater than

yields of phenylacetaldehyde

(Table I V ) ; this implies that

formic acid is formed by other, as yet unknown, pathway(s)
and/or that formic acid is more stable towards further
radical attack than is phenylacetaldehyde.
It is interesting to note that the thermal cleavage of
ABO appears to occur regiospecifically,

i.e. appreciable

yields of formic acid, and not phenylacetic acid, are
formed.

This agrees with the results of Hull et al.

that show propene ozonide,
acetaldehyde,

133

28, decomposes to yield

formic acid, and some acetic acid (Equation

26) .

/ ° \ ch 2

CH 3 -CH

>

CH 3 CHO

+

HC02H

+

CH 3 C02H

(26)

'0— o'

(40%)

(42%)

(7%)

28

In order to explain this regiospecificity,

the Story

mechanism requires intramolecular hydrogen atom abstraction
to occur in the following manner

(shown for ABO)

1 46

PhCH2 - C - H bH>CH

V'"

-d

PhCH2- ^ ^ bH>CH
0 * """•O'

-> PhCH2 -C^Ha
0Hb

-> PhCH2 -C
0

:H --> PhCH2CHO

b H>CH --> PhCH2C02H
aHO

+

HC02H

+ H 2GO

(27)

(28)

Equation 27 shows intramolecular abstraction of H^, the
more tightly held hydrogen atom
transition state.
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, through a 5-centered

The Hull modification requires hydrogen

atom abstraction through a bicyclic 4 and 5-membered
transition state, 29

If the Story/Hull mechanism is operative,
to explain the preferred
On the other hand,

it is difficult

abstraction on kinetic grounds.
if pathway b

(Figure 20)

is

important, the two possible scissions are

b
22

>

PhCH2CH0

+

CH2

(29)

•0

23
23

>

HC02H

(30)
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for which

AH(path

b

) - AHf(HC02H) + AHf(PhCH2CHO) - A H f (22)

(31)

and
b '

22

/°'

>

PhCH2CH

+

H 2CO

(32)

No30
30

>

PhCH2C02H

(33)

b

(34)

for which

AH(path

') = AHf(PhCH2C02H) + AHf(H2C0) - AHf (22)

Using thermochemical data given by Benson
K) for phenylacetaldehyde,
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, A H f (300

formaldehyde, phenylacetic acid,

and formic acid have been calculated and are presented in
Table XVI.

Using these data, the following calculations

can be made

A H totai(Path

“ (-90.5 + (-11.95)-AHf (22) - -102.45 - AHf (22) (35)

and

AHtotai^P3 ^

b>'
>

“ (1 7 -95 + (-26.0)-AHf(22) - -43.95 - AHf (22)

(36)

Thus,

AHtotai^Pat^

‘ ^ t o t a l ^ at^

” -58.50 kcal mol"^

(37)

Table XVI.

Group additivity calculations3 for phenylacetaldehyde,
phenylacetic acid, formic acid, and formaldehyde.

Compound

Phenylacetaldehyde

No. of groups

5
1
1
1

Group*5

«

?

Total
Phenylacetic acid

5
1
1
1
Total

A H f (300 K)c

)<H)2

5(3.30)
5.51
-4.86
-29.1
-11.95

d
c-®

5(3.30)
5.51
-4.86
-35.1
-17.95

Formic acid

-90.5

Formaldehyde

-26.0

aFrom Reference 195.
carbon atom in a benzene ring.
cValues are expressed in kcal m o l --*-.
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These calculations show that the formation of phenyl
acetaldehyde and formic acid

(path b)

is favored over the

formation of phenylacetic acid and formaldehyde
by more than 58 kcal m o l - 1 .
obtained by Hull et al.

133

Our results,

(path b ')

as well as those

for 1-propene ozonide,

are

consistent with this prediction.

8.2

ESR SPIN-TRAPPING STUDY OF THE THERMAL DECOMPOSITION
OF OZONIDES
Free radicals have previously been postulated as

intermediates in the thermal decomposition of some ozonides
based on decomposition rate data and product
studies

22 133 136 143 144
'

'

'

'

Our product studies with ABO

are consistent with the intermediacy of benzyl radicals;
toluene and bibenzyl are formed in good yields
7.1).

(Section

We have applied the ESR spin trapping technique to

investigate further the thermal decomposition of ABO, as
well as the ozonides of 1-octene and 18:1ME.
traps were employed in this study:

Three spin

5,5-dimethyl-l-pyrroline

N-oxide (DM P O ), .31, a- phenyl-N- t e r t -butyl nitrone
1 4 . and 3,3,5,5-tetramethyl-l-pyrroline N-oxide

CH2

CH2

H3C-C.

^.CH
6 0

31

CH2 -- C(CH3 ) 2

H3C-CL
H3 C

.CH
6

32

©

(PBN),

(TMPO), 32.

8.2.1
8

ABO Spin-trapping Studies

.2.1.1

Thermal decomposition of ABO in the presence of
DMPO.
In general, ESR spectral widths for carbon-

centered DMPO spin adducts are larger than those for
oxygen-centered DMPO spin adducts; this is readily seen
from the values presented in the final column of Tables VII
and VIII
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.

We have applied this principle to the complex

ESR spectrum in Figure 4A; a comparison of spectral widths
presented in Tables VII and VIII with those in Table IX
indicates that ABO decomposes at 37°C to yield both oxygenand carbon-centered radicals.
DMPO spin adduct A's spectral width

( 4 8 . 9 + 0.1 G) is

in excellent agreement with both our experimentally
determined spectral width of a benzyl radical DMPO spin
adduct
VIII).

(49.0 + 0.1 G) and Janzen's value of 48.98

Also, ABO decomposes at 37°C to yield products that

are consistent with intermediate benzyl radicals
8.1).

(Table

(Section

On the basis of these data, DMPO spin adduct A is

assigned to a benzyl radical spin adduct

ch2 —

ch2

H 3C-C
/CH
H 3cf Tff
b l 2Ph
0

(31).
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DMPO spin adduct B (Figure 4A) spectral width

(44.73

G) is more consistent with a trapped carbon-centered
radical than an oxygen-centered radical, however the exact
structure of this radical is unknown.
Hyperfine splitting constants for some typical oxygencentered DMPO spin adducts are listed in Table VII;

hfsc

for DMPO spin adduct D (Table IX) are consistent with an
oxygen-centered r a d i c a l .
Spin adduct C spectral width

(39.9 + 0.1 G) is

intermediate between spectral widths for oxygen-centered
adducts
VIII)

(Table VII)

and carbon-centered adducts

(Table

and therefore, the structure of spin adduct C is not

assigned.
Figures 4B and 40 show the effect of decreasing the
concentration of ABO 10-fold and 100-fold,

respectively;

the ESR spectrum simplifies to that of spin adduct E.
Hyperfine splitting constants for E (a^ = 14.6 + 0.2 and
aH(i) = 21.4 + 0.2 G) are consistent with an alkyl radical
spin adduct

(Table V I I I ) , but are greater than hfsc for

spin adduct A (aft = 14.15 + 0.06 and aji(i) = 20.65 + 0.02
G).

Thus, the radical precursor to spin adduct E is not a

benzyl radical, but we do not have sufficient data at this
point to assign a structure to E.
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8

.2.1.2

Thermal decomposition of ABO in the presence of
PBN.
Figure

8

shows ESR spectra obtained when varying

amounts of ABO are warmed to 37°C in the presence of 0.1 M
PBN.

PBN spin adduct F has hfsc

(a^ = 13.54 ± 0.04 and

aH(i) = 1.97 + 0.04 G) that are consistent with an alkoxyl
spin adduct

(Table X ) , although an exact structure cannot

be assigned.
Spin adduct G has hfsc

(a^j = 14.38 and ajj^j = 2.27 G)

that are smaller than those for an authentic benzyl radical
spin adduct

(a^ = 14.49 ± 0.04 and an(i) = 2.47 + 0.01 G ) ;

the radical precursor to spin adduct G, therefore, does not
appear to be a benzyl r a d i c a l .

These hfsc appear to be

consistent with a phenyl PBN spin adduct

(Table XI)

although this should be confirmed more directly.

8

.2.1.3

Thermal decomposition of ABO in the presence of
TMPO.
In general,

ESR spectra of carbon-centered TMPO

spin adducts have larger

0

-hyperfine

(afj^ij) parameters

than ESR spectra of the same DMPO spin adduct

182

.

For

example, au(i) hyperfine values for methyl radicals trapped
with TMPO and DMPO in benzene are 24.30
20.52 G (Table VIII),

respectively.

(Table XIII)

and

On the other hand, /9-

hyperfine parameters for oxygen-centered TMPO spin adducts
are generally smaller than those for the corresponding DMPO
spin adduct.

These features of TMPO spin adducts can have
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a distinct advantage over DMPO by "spreading out" signals
in complex spectra and thereby reducing signal overlap.
Figure 10 shows the ESR spectrum of a sample of ABO
warmed to 37°C in the presence of TMPO in benzene; at least
three different spin adducts are present.

TMPO spin adduct

I (ajj = 14.8 + 0.3 and ajj(i) = 24.4 ± 0.5 G) is tentatively
identified as benzyl radical spin adduct,

3±,

based on a

(CH3 )2

34

favorable comparison to the hfsc obtained for an authentic
TMPO benzyl radical spin adduct

(Figure 13; ajj = 14.6 + 0.1

and aH(l) = 24.2 ± 0.1 G ) .
TMPO spin adduct K has hyperfine values
0.3 and aH(l) = 6 *° ±
alkoxyl spin adduct,

°*3

35

h3 c-cv

(ajj = 13.6 +

G ) that are consistent with an

(Table X I I I ) .

/C-H

H 30

OR

o35

Hyperfine splitting constants for spin adduct J (a^ =
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14.0 + 0.3 and aH(i) = 11.9 + 0.3 G) are intermediate
between those reported for oxygen- and carbon-centered TMPO
spin adducts

(Table X I I I ) .

Although a definite assignment

can not be made with the available data, we tentatively
assign J as an oxygen-centered spin adduct since the fi
tlyp e r f i n e of J is more consistent with 0-hyperfine reported

for oxygen-centered TMPO spin adducts

8.2.1.4

(Table X I I I ) .

A summary of the ABO spin-trapping studies.
This is the first report of the use of the ESR

spin-trapping technigue to study the thermal decomposition
of a Criegee ozonide.

From our results,

it is clear that

ABO decomposes at 37°C to yield both oxygen- and carboncentered radicals; this is consistent with our mechanism
for the thermal decomposition of ABO presented earlier
(Section 8.1).

We have identified the radical precursor to

spin adducts A and I as a benzyl radical.

We have also

shown that ABO decomposes to yield spin adducts with hfsc
that are consistent with alkoxyl radicals,

alkyl radicals,

and other oxygen- and carbon-centered radicals.
structure of these spin adducts, however,

The exact

cannot be

assigned without further work.
It is interesting to note that the ESR spectra depend
on the relative concentrations of ABO and spin trap;
equimolar concentrations of ABO and spin trap favor the
trapping of oxygen-centered radicals while lower
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concentrations of ABO favor the trapping of carbon-centered
radicals.

The reasons for this are not entirely

understood,

but they may reflect the susceptibility of the

initial oxy-diradical,
competing reactions
trap, etc.).

2 2

, to undergo a variety of

(0 -scission,

radical addition to spin

We are unaware of any reports dealing with

the spin-trapping of oxy-diradicals so it may be
appropriate to speculate as to how these reactions proceed.
ABO product studies

(Section 7.1) and ESR spin-

trapping results with DMPO (Section 7.3.1)
(Section 7.3.3)

and TMPO

are consistent with the formation of a

benzyl radical and a reasonable mechanism for its formation
was proposed

(Equation 38)

(38)

0-scission

22

At this point, we can ask the question: does spintrapping of the initial ABO oxy-diradical
(Equation 39) compete with 0-scission

22

+

DMPO

(22.) by DMPO

(Equation 38)?

— 39. >

In

(39)
'DMPO*
36
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order to answer this question, k 3 8

(Equation 38) must be

determined; this is done in the following manner.
Walling and McGuinness

196

.
investigated the relative

rates at 40°C of /9-scission of (Equation 40), and hydrogen
atom abstraction from cyclohexane by
t e r t-butoxyl radical,

(Equation 41), phenyl-

37., and found k 4 <3 / ^ 4 1 to be > 70.

o
PhCH2 -C(CH3 )2 -0-

-*4Q_>

PhCH2 -

+

H 3 CCCH 3

(40)

37

37

+

C 6 H 12

PhCH2 -C(CH3 )C-OH

A study by Wong et al.

197

+

C6 H1:L-

(41)

measured the activation

parameters for abstraction of a hydrogen atom from
cyclopentane by tert-butoxyl radical

(CH3 )3 C-0-

+

C 5 H 10

---42- ->

(Equation 42);

(CH3 )3 C-OH

+

C 5H 9 -

(42)

38

from these data
^ 4 2 (40°C)

(Ea = 3.47 kcal mo l ” 1 and log A = 8.47),

is calculated to be 1.1 x 10 6 M ” 1 sec” 1 .

Remembering that k 4 o/k 4 i > 70, k 4 Q can now be calculated if
the assumptions are made that
and 38. (i.e. k 4 Q = ^ 4 3 .)
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(1) k 4 i is the same for 37

and (2) that hydrogen atom

abstraction from cyclohexane and cyclopentane by 37 occur
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at the same rate

198

.

Thus,

^40 “ (70)(k4i)
k40 -

and since

k 4 ^ ■= k 4 2

( 7 0 ) ( k 4 2 ) *= ( 7 0 ) ( 1 . 1 x 1 0 6 M*1 sec'1 )

k 4 0 = 7 . 7 x 1 0 ? M'^ sec'-*-

Relative rates of spin-trapping of 22. with
(Equation 39) to 0-scission

0.1

of a benzyl group from

M DMPO

22.

(Equation 38) can now be calculated from Equation 43 if the
assumption is made that k 3 Q is equal to k 4 o*

Rate of spin trapping
Rate of 0 - s c i s s i o n

=

k p p T D M P O l f 221
k3g[22.]

A value for k 3 g of 5 x 10® M ” 1 sec " 1

200

(43)

is used for the

trapping of tert-butoxyl radicals at 25°C.

Thus,

from

equation 43, the relative rate of spin-trapping to 0scission is ca. 0.6.

This estimate represents a lower

limit since k 3 g at 40°C will be larger than k 3 g at 25°C.
In conclusion, 0-scission of the adjacent benzyl group in
22

(and subsequent trapping by DMPO)

is expected to compete

with the trapping of 22. by DMPO under our experimental
conditions.
A similar calculation can be made for PBN.

PBN reacts

with tert-butoxyl radicals at 25°C with a rate constant of
5.5 x 10 6 M-^-sec” 1 2 0 0 , this is slower than DMPO by a
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factor of about 102 .

Thus, the relative rate of spin

trapping 22. with 0.1 M PBN (Equation 44) and 0-scission is
ca. 0.007.

22

+

PBN

>

/°\

PhCH2-qH
CH 2
0* rf
TBN*

(44)

Thus, the use of PBN as a spin trap leads to the prediction
that

0

-scission of

factor of about

22.

100

is favored over spin-trapping by a

.

TMPO reacts with tert-butoxyl radicals at 25°C at
rates intermediate between DMPO and PBN
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rate constant has not been determined.
therefore,

although a firm

We would predict,

that relative rates of spin-trapping 22. by TMPO

and 0-scission would be somewhere between 0.6
0.007

(DMPO) and

(PBN).
If spin-trapping of 22 and 0-scission of a benzyl

group

(and subsequent trapping) were the only important

competing reactions, we would expect similar (although less
intense)

ESR spectra for a given spin trap upon sequential

dilution of ABO.

This follows from Equation 43 since the

relative rate of spin trapping to
of the concentration of ABO.
observed.

For example,

0

-scission is

independent

This is contrary to what is

Figure 4 shows ESR spectra obtained

when varying amounts of ABO are warmed to 37°c in the
presence of 0.1 M DMPO.
C) are,

The ESR spectra

(Figure 4A, B, and

in fact, dissimilar; benzyl radical spin adduct A,
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as well as the other oxygen-centered spin adducts C and D,
are not present at low ABO concentrations.

We interpret

this observation as meaning that other, as yet unknown,
competing reactions occur when the concentration of ABO is
lowered relative to the spin trap.

8.2.2
8

OTO Soin-trappinq Studies

.2.2.1

Thermal decomposition of OTO in the presence of
DMPO.
Figure 14 shows the ESR spectra obtained when

varying amounts of OTO are warmed to 37°C in the presence
of 0.1 M DMPO.

Spin adduct L has hfsc consistent with an

alkyl radical spin adduct
all ESR spectra

(Table VIII)

and is present in

(Figure 14A, B, and C ) .

Spin adduct M,

is

a carbon-centered spin adduct and is present only when
concentrations of OTO and DMPO are equimolar; a more exact
structural assignment cannot be made without further work.
Spin adducts N and 0 have hfsc consistent with alkoxyl DMPO
spin adducts

(Table V I I ) , although the exact structures are

un k n o w n .

8

.2.2.2

Thermal decomposition of OTO in the presence of
PBN.
Figure 15 shows the ESR spectra obtained when

varying amounts of OTO are warmed to 37°C in the presence
of 0.1 M PBN.

Spin adduct P has hfsc that are consistent

with an alkyl radical spin adduct (Table XI) and spin
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adduct Q has hfsc consistent with an alkoxyl radical spin
adduct

(Table X).

Signal R, a triplet

(a^ = 8.00 G) is

ion

assigned to PBNOx , 20

8

.2.2.3

.

A summary of the OTO spin-trapping studies.
The purpose of studying OTO using the ESR spin

trapping method was to demonstrate that radical production
from Criegee ozonides is a general phenomenon.

It is clear

from these results that OTO decomposes at 37°C to yield
both carbon- and oxygen-centered radicals; this is
consistent with what is observed for ABO

(Section

8

.2.1.4).

More specifically, OTO decomposes to yield alkoxyl radicals
(spin adducts N, O, and Q) and alkyl radicals
L and P ) .

(spin adducts

Our results suggest that radical production from

the thermal decomposition of Criegee ozonides is a general
phenomenon.

8.2.3
8

.2.3.1

18:1ME Ozonide Spin-trapping Study
Thermal decomposition of 18:1ME ozonide in the
presence of DMPO.
Hyperfine splitting constants for spin adduct S

are consistent with an alkoxyl spin adduct
The nitrogen hyperfine

(Table V I I ) .

(ajj) for spin adducts T and U are

consistent with oxygen-centered spin adducts

(Table V I I ) ,

however an(l) hyperfine values are smaller than any of the
aH (i) values recorded in Table VII.

Without further data,

the structures of spin adducts T and U cannot be assigned.
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Spin adduct V

(Figure 17) spectral width of 40.0 + 0.3 G is

intermediate between spectral widths for oxygen-centered
and carbon-centered DMPO spin adducts
V I I I ) , respectively,

8

.2.3.2

(Tables VII and

and is not assigned.

Thermal decomposition of 18:1ME ozonide in the
presence of TMPO.
Figure 18 shows the ESR spectrum obtained when

0.03 M 18:1ME ozonide is warmed to 37°C in the presence of
0.1 M TMPO.

Spin adduct X is assigned as an alkoxyl spin

adduct, this is consistent with the results obtained with
DMPO

(Section

8

.2.3.1).

The hfsc for TMPO spin adduct W

(a^ = 14.00 + 0.05 and aH(l) = 11*63 + 0.04 G) are
intermediate between hfsc reported for oxygen- and carboncentered TMPO spin adducts

(Table XIII)

and is not

assigned.

8

.2.3.3

A summary of the 18:1ME ozonide spin-trapping
study.
These results suggest that 18:1ME ozonide

decomposes at 37°C

to yield oxygen-centered

is consistent with

results obtained for ABO (Section

8

.2.1.4)

and OTO

(Section

8

.2.2.3).

radicals. This

It is unclear,

however, whether 18:1ME ozonide decomposes at 37°C to yield
carbon-centered radicals as was observed for ABO and OTO.
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8.3

OBSERVATION OF CHEMICALLY INDUCED DYNAMIC NUCLEAR
POLARIZATION (CIDNP) DURING THE THERMAL DECOMPOSITION
OF ABO

8.3.1

Toluene-associated CIDNP
Toluene was proposed earlier (Section 8.1) to arise

via the following pathway

(taken from Figure 20).

„ov

If .39

,ov

PhCH2-CfT NCH 2 --> PhCH2 -CH

\:H 2 --> [PhCH2 - H(/ \ h 2 ]
o- -o
0 -o
cage

'o— d

[ 39 40 ]
cage

PhCH 2 •

+

.?®6®-®??*P®.;>

R H ......... >

PhCH 3

PhCH2 •

39

40

+

HC^ SCH 2

4

+

b

(45)

(46)

-0

R-

(47)

and 40 are assumed to be the initial radical-pair precursor
to toluene, Kaptein's rule (Section 5.3) predicts an
enhanced absorption
toluene.

(i.e.

rn

= +) for the methyl protons of

This is because n is negative

(a singlet

p recursor), e is negative (scavenged p r o d u c t ) , Ag is
negative
2.0026

201

radical

(the g-value for a benzyl radical 2 0 1

_

) is smaller than the g-value for an alkoxyl

202

), and a^ is negative for *C-H.

to the emission we observe for toluene
19B).

^

This is opposite

(signal i in Figure

An alternate pathway that could explain the observed

163

emission for toluene is shown below (Equation 48).

[39

40 ]

>

PhCH 3

This

+

(48)

pathway involves a caged H-atom abstraction (i.e. e is now
p o s i t i v e ) ; Kaptein's rule now predicts an emission signal
for toluene which is consistent with what is observed.
Although the relative contribution of this pathway to the
overall formation of toluene is not known with certainty,
we believe it plays a minor role for the following reason.
Scavenging experiments with 1-butanethiol
show that about a

10%

(Section 8.1.1)

yield of benzyloxymethyl formate is

formed by cage chemistry, presumably by the coupling of
radicals .39 and 40.

Since radical coupling reactions are

fast compared to H-atom abstraction

203

, the yield of

toluene arising from cage H-atom abstraction

(in

competition with radical coupling to form benzyloxymethyl
formate) would, therefore, be only a fraction of the

10

%

yield of benzyloxymethyl formate.

8.3.2

CIDNP associated with Benzyloxymethyl formate?
Benzyloxymethyl formate was proposed earlier

(Section 8.1.1) to arise, in part, by the following pathway
(path c in Figure 20).
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[ 39

40 ]

PhC(Hb )2 OC(Ha )2OCHO

(49)

Kaptein's rule predicts an emission signal for the Ha 's of
benzyloxymethyl formate
is negative

(Equation 49).

This is because n

(a singlet precu r s o r ) , e is positive

p r o d u c t ) , Ag is positive

(cage

(the g-value for an alkoxyl

radical is larger than the g-value for a benzyl radical
(see Section 8.3.1)),

and a^ is positive for *0-C-H.

Kaptein's rule also predicts an emission signal for the
Hfc's of benzyloxymethyl formate.
observed at 5.43 ppm

An emission signal is

(signal h in Figure 1 9 B ) ; this

corresponds to the chemical shift of the H a 's of
benzyloxymethyl formate.

This signal is a distorted

doublet, however, and this is not consistent with the
expected singlet for the H a 's of benzyloxymethyl formate
(Figure 1 9 D ) .

Furthermore, we do not observe CIDNP effects

at the chemical shift corresponding to the H^'s of
benzyloxymethyl formate
therefore,

(4.72 ppm).

This signal,

is assigned to a product different from

benzyloxymethyl formate.

This product is formed in trace

quantities since the 1H NMR signal of benzyloxymethyl
formate at 5.43 ppm (Figure 19D)
distorted,

is well resolved, no n 

and the same relative intensity as its sister

peak at 4.72 ppm.

Thus, under the conditions employed, we

do not observe CIDNP effects for benzyloxymethyl formate.
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8.3.3

CIDNP Effects at 8.73 and 9.69 ppm
The emission signal observed at 8.73 ppm (signal g

in Figure 19B) corresponds to an unknown decomposition
product; this product is present in trace quantities
(Figure 19D) and is not considered further.
The enhanced absorption signal observed at 9.69 ppm
(signal f in Figure 19B) corresponds to the chemical shift
of the protons of formaldehyde.
earlier

Formaldehyde was proposed

(Section 8.1) to arise via the following reaction

(path d in Figure 20) at 37°C (Equation 50).

If 22 is

..cage.
,0V
P h C H ^ f f N9H2

0

-

, ,,
P*iCH2 -

Q
H 2C0 -0CH -> PhCH20CH0 + H 2C0 (50)

-0

22

assumed to be the initial radical pair precursor to
formaldehyde, Kaptein's rule predicts an enhanced
absorption

(i.e. rn = +) for the protons of formaldehyde.

This is because g, is negative
positive

(a singlet p r e c u r s o r ) , e is

(a caged r adi c a l ) , Ag is negative and a^ is

positive for ’O-C-H.

The observed enhanced absorption at

9.69 ppm is consistent with this prediction.

That this is

a reasonable pathway is supported by the fact that benzyl
formate is formed under these conditions
5.19 ppm in Figure 1 9 D ) .

(a singlet at 8

8.3.4

CIDNP Summary
The 1H NMR spectrum in Figure 19B shows CIDNP

effects; these are observed when a CDCI 3 solution of ABO is
heated to 100°C.

However, with the exception of toluene,

these effects are not associated with the major products
listed in Table IV.

In the case of toluene, we have

postulated a minor contributing pathway to explain the
observed emission

(Section 8.3.1).

A possible explanation

for the lack of CIDNP effects for the major products may be
that the radical pair precursor(s)

to the product(s)

are

too short lived for sufficient singlet-triplet mixing to
occur

(i.e. < 10 ” 1 0 - 10 ” 9 sec)1 5 8 .

This would result in

little or no spin polarization of the nuclear spin states
and, thus, no CIDNP effects.

8.4

MECHANISM OF ABO DECOMPOSITION: A SUMMARY
Our results from product and ESR spin-trapping studies

are consistent with the formation of benzyl and oxygencentered radicals during the thermal decomposition of ABO.
The mechanism shown in Figure 20 involves the unimolecular
homolysis of the ozonide peroxide bond followed by jSscission to yield,

in part, benzyl radicals.

That ABO

peroxide bond homolysis and subsequent 0 -scission occur in
a stepwise fashion is supported by the fact that the rates
for thermal decomposition of OTO (Ea = 26.6 + 0.5 kcal m o l “
1

and log A = 12.5 + 0.3) are similar to rates obtained for
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the decomposition of ABO

(Ea = 28.2 + 0.3 kcal m o l - 1 and

log A = 13.6) .
These findings agree with the work presented in Part I
of this dissertation that shows ABO, a model PUFA ozonide,
initiates the autoxidation of 18:2ME.

We suggest that

radicals from the thermal decomposition of Criegee ozonides
may be a contributing pathway to the overall production of
free radicals when PUFA are ozonized.
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